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INTRODUCTION: 

The  remaining  obstacles  to  achieving  reliable  therapeutic  effects  by  neurotransplantation  for 
Parkinson’s  disease  (PD)  are  1)  poor  survival  of  grafted  fetal  neurons  and  2)  insufficient  axonal 
outgrowth  and  functional  recovery. 

While  about  50%  of  cells  bom  in  the  CNS  will  die  naturally,  up  to  99%  of  fetal  cells  die 
after  neural  transplantation,  which  suggests  that  a  large  fraction  of  this  cell  death  is  preventable. 
Activation  of  caspases  is  one  of  the  final  steps  before  a  neuron  is  committed  to  die  by  apoptosis. 
Since  fetal  development  of  neuronal  grafts  in  many  ways  mimics  normal  development  it  is  very 
likely  that  the  caspases  play  a  major  role  in  the  control  of  cell  death  in  transplants.  The  structural 
brain  repair  experiments  proposed  will  use  fetal  DA  cells  obtained  from  ventral  mesencephalon 
(VM)  of  transgenic  mice.  In  our  first  objective  of  preventing  neuronal  apoptosis,  we  will  study  the 
short-term  inhibition  by  pre-treatment  of  fetal  cells  with  pharmacological  inhibitors  of  caspases. 
Our  second  objective  of  enhancing  axonal  growth  leading  to  optimal  functional  recovery  by 
neuronal  transplants,  employs  transgenic  bcl-2  overexpressing  donor  cells.  Evidence  now  exists 
that  the  very  potent  positive  effects  by  the  bcl-2  molecule  on  axonal  outgrowth  are  distinct  from  its 
anti-apoptotic  effect.  We  hypothesized  that  bcl-2  and  similar  molecules  influence  the  growth  of 
axons  in  the  fetal  and  adult  CNS,  and  that  controlling  such  molecules  could  significantly  improve 
neural  transplantation  and  related  regenerative  therapies. 

This  basic  research  can  be  translated  clinically  in  neurosurgical  transplantation  therapy  for 
Parkinson’s  disease  patients,  for  example  by  similar  transgenic  porcine  donor  cell  modifications. 

In  summary,  by  using  donor  cell  modification  of  molecules  involved  in  apoptosis  and  axonal 
growth,  these  experiments  provide  insights  and  therapeutic  strategies  for  preventing  neuronal  death 
and  enhancing  axonal  outgrowth  for  dopaminergic  transplants. 


BODY: 


STATEMENT  OF  WORK 

We  describe  below  the  research  accomplishments  associated  with  the  approved  Statement  of 
Work,  which  is  copied  here  in  bold.  The  publications  and  figures  referenced  are  attached  in  the 
Appendix. 

STEPS  1.1-1.2  Reduction  of  apoptotic  cell  death  leading  to  greater  cell  survival  in 
dopaminergic  neuronal  grafts  can  be  achieved  by  permanent  deletion  of  apoptotic 
effectors  such  as  Caspase  3/CPP32  and  JNK3  in  transplanted  neurons: 

In  year  1-2,  we  will  start  the  transplantation  experiments  of  embryonic  day  14  (E14) 
ventral  mesencephalon  (VM)  cells  from  CPP32  and  JNK3  deficient  (knock  out)  mice  and 
wild  type  (wt)  litter  mate  controls  into  the  striatum  of  adult  parkinson  model  rats; 
obtained  by  neurotoxic  lesion  using  6-OHDA.  Functional  recovery  will  be  determined  by 
the  decrease  observed  in  amphetamine-induced  rotational  asymmetry  at  various  time 
points  (4  to  12  weeks)  after  transplant.  Post-mortem  microscopic  analyses,  using  markers 
for  tyrosine  hydroxylase  (TH)  and  aldehyde  dehydrogenase  (AHD),  will  reveal  the  extent 
of  the  increase  in  surviving  TH  and  TH/AHD.  The  knock-out  donor  cells  for  the 
dominant  Caspase  3  and  the  stress-induced  JNK3  will  provide  separate  evidence  for  the 
apoptotic  pathways  that  are  involved  in  neural  transplant  cell  death.  These  results  are 
compared  to  those  obtained  after  incubating  the  wild-type  donor  tissue  short-term  (1 
hour)  with  selective  and  non-specific  synthetic  caspase  inhibitors  prior  to  transplantation 
(since  these  molecules  z-DEVD.CHO/fmk;  and  BAF  (Bocaspartyl(OMe)- 
fluoromethylketone)  have  poor  penetration  across  the  blood-brain  barrier). 
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We  started  the  transplantation  experiments  of  embryonic  day  13-14  ventral  mesencephalon 
from  CPP32  and  JNK3  knock-out  mice  and  their  counterpart  wild-t^pe.  We  discovered  immediate 
problems  with  obtaining  a  sufficient  number  of  CPP32  knock-out  fetuses  because  the  unexpected 
abnormal  formation  of  the  ventral  mesencephalon,  including  dopaminergic  neurons.  For  this 
reason,  we  abandoned  the  knock-out  part  of  the  CPP32  and  JNK3  experiment  but  did  go  ahead  and 
investigated  the  role  of  apoptosis  in  addition  to  complement  mediated  cell  death  in  neurd  cell 
transplantation.  Initial  experiments  were  aimed  at  determining  whether  overnight  incubation  of 
ventral  mesencephalic  (VM)  cells  with  Bocaspartyl  (OMe)-fluoromethylketone  would  lead 

to  greater  cell  survival.  The  studies  showed  a  false  positive  dye  exclusion  cell  viability  which  led  to 
an  overestimation  of  viable  cells  prior  to  transplants.  Overnight  caspase  inhibition  treatment  did  not 
enhance  cell  survival  as  calculated  by  the  post-graft  Th-positive  cell  counts  (Figure  la).  However, 
parallel  in  vitro  experiments  demonstrated  that  VM  cells  are  susceptible  to  complement  moated 
cell  lysis  that  can  be  blocked  with  an  anti-C5  complement  inhibitor  (18A10).  This  hypothesis  was 
tested  in  rat  VM  allografts  and  animals  were  transplanted  with  either  a)  BAF  b)  C5  c)  a  combination 
of  BAF  and  C5  or  d)  untreated  VM.  Interestingly,  there  was  a  significant  difference  between  the 
number  of  TH-positive  cells  in  the  group  of  combined  Bi^/C5  versus  control  at  12  weel«  post¬ 
transplantation  (Figure  lb).  The  synergistic  effects  of  anti-apoptotic  (BAF)  and  C5  inhibition  in 
transplant  survival  in  vivo  indicates  that  initial  complement  mediated  and  traumatic  cell  injury  both 
contribute  to  post-graft  cell  death,  and  possibly  through  similar  intracellular  mechanisms. 


STEPS  2.1:  Transplantation  of  dopaminergic  neurons  permanently  expressing  human 
bcl-2  leads  to  enhanced  and  long-distance  axonal  outgrowth  and  improved  function  of 
neuronal  transplants  used  for  Parkinson’s  disease: 

STEP  2.1.1.  Normally,  transplantation  of  ventral  mesencephalon  (VM)  cells  to  a  single 
site  in  the  striatum  will  only  result  in  fetal  axonal  penetration  of  the  tissue  immediately 
surrounding  the  graft.  In  year  1-2,  we  will  carry  out  a  conclusive  series  of  experiments 
with  transplant  donor  tissue  of  E14  VM  from  bcl-2  overexpressing  mice  or  wild  type  (wt) 
control  mice  to  the  striatum  of  parkinson  model  rats,  with  prior  neurotoxic  6-OHDA 
damage.  We  will  investigate  functional  recovery  by  amphetamine  induced  rotation  over 
an  8  to  10  week  period.  At  post-mortem,  by  immunohistochemistry  for  TH,  AHD  and 
human  bcl-2  (hubcl-2)  we  will  determine  axonal  outgrowth  and  the  extent  of  axonal 
outgrowth  into  the  surrounding  host  striatum. 

In  step  2.1,  we  have  carried  out  the  transplantation  of  hubcl-2  cells.  This  has  led  to  the 
publication  of  a  manuscript  in  Neuroscience  (Holm  et  al.,  2001).  We  have  shown  that  bcl-2 
overexpressing  dopamine  neurons  have  enhanced  outgrowth  after  transplantation  into  the  striatal 
system. 


STEP  2.1.2.  Prior  work  has  shown  that  transplantation  of  wt  VM  celjs  to  the  substantia 
nigra  does  not  result  in  long  distance  growth  to  the  target  host  striatum.  Continuous 
expression  of  bcl-2  will  allow  axons  from  the  bcl-2  transgenic  cells  to  reach  distant  host 
targets.  We  will  therefore  transplant  E14  VM  from  bcl-2  overexpressing  mice  to  the 
substantia  nigra  of  the  parkinson  model  rats.  Again,  we  will  investigate  functional 
recovery  through  amphetamine  induced  rotation  over  an  8  to  10  week  period.  By 
retrograde  tracing  combined  with  immunohistochemistry  for  TH,  AHD  and  specific 
staining  for  human  bcl-2;  we  will  determine  axonal  outgrowth  and  completeness  of 
reconnection  of  the  damaged  neuronal  circuitry. 

In  step  2.1.2.,  we  have  planned  and  transplanted  bcl-2  overexpressing  cells  into  the 
substantia  nigra  for  long-distance  growth.  Early  experiments  showed  surprising  limited  survival  of 
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both  wild-type  and  transgenic  mice  in  that  location.  We  have  thus  limited  our  experirnents  to  the 
study  of  axonal  outgrowth  from  the  original  transplant  site  (striatum)  and  published  this  results  in 
Holm  et  al.,  2001  (see  above). 

STEP  2.1.3.  (Deleted  by  Reviewers) 

STEP  2.1.4.  The  time  course  of  bcl-2  expression  is  correlated  with  axonal  extension  from 
neurons  in  primary  cell  culture,  similar  to  expression  and  outgrowth  patterns  seen  in 
normal  development.  Bcl-2  overexpressing  cells  will  continue  to  extend  axons  a^r  8  days 
in  vitro  (DIV)  when  the  axonal  outgrowth  from  normal  cells  has  stopped.  In  this  step,  we 
will  investigate  the  expression  of  bcl-2  in  cultured  VM  neurons  from  wt  controls  and  bcl- 
2  overexpressing  mice  and  measure  axonal  growth  in  both,  following  double 
immunohistochemical  labeling  for  TH,  AHD,  mouse-  and  hubcl-2.  The  cultures  will  be 
fixed  at  various  time  points  from  2  to  12  DIV.  In  primary  wt  cell  cultures,  we  will  also 
examine  if  cells  from  different  parts  of  the  CNS  with  different  rate  of  maturation  will 
have  variable  but  coinciding  patterns  of  bcl-2  expression  and  axonal^  outgrowth.  The 
expression  of  bcl-2  in  VM  neuronal  cultures  will  then  be  compared  to  its  expression  in 
neuronal  cultures  derived  from  other  parts  of  the  developing  CNS  such  as  basal  forebrain 
(septum),  cerebellum  and  lateral  ganglionic  eminence,  from  bcl-2  overexpressors  and  wt 
controls  and  stained  with  bcl-2  and  markers  for  specific  subpopulations  of  these  neuronal 
regions.  These  experiments  will  provide  axonal  growth  data  from  different  anatomical 
regions  and  specific  neuronal  phenotypes;  with  different  rate  of  maturation  will  and 
corresponding  bcl-2  expression.  These  data  will  be  be  applied  to  neural  transplantation 
surgery  requiring  extensive  or  long-distance  axonal  growth  for  therapeutic  repair  or 
regeneration. 

We  carried  out  cell  culture  studies  for  expression  of  various  outgrowths  of  the 
dopaminergic  neurons  and  have  stained  for  human  bcl-2  (Holm  et  al.,  2001). 

STEP  2.2.  The  cell  cycle  regulating  molecules  p21  and  p53  bring  the  neuron  to  a  terminal 
differentiation  stage.  Bcl-2  appears  to  be  involved  in  the  signals  to  block  these  molecules, 
thereby  keeping  the  neuron  in  an  elongation  stage.  In  our  final  experiments  of  this  series, 
bcl-2  overexpressing  cells  will  be  used  as  tools  to  investigate  other  molecules  that  act  on 
axonal  growth.  The  expression  of  the  molecules  FKBP12,  calcineurin,  p21,  and  p53,  will 
be  investigated  in  primary  cell  cultures  of  dopaminergic  neurons  from  bcl-2  transgenic  or 
wt  mice,  via  western  blot  and  immunostaining.  This  final  step  will  lead  us  to  additional 
molecules;  relevant  for  future  approaches  for  enhanced  axonal  growth  and  regeneration  in 
therapies  for  patients  with  sustained  neuronal  damage  or  degeneration. 

We  have  carried  out  cell  culture  experiments  of  FKBP12  and  calcineurin  in  primary 
dopaminergic  cultures  to  see  how  this  molecule  may  change  outgrowth.  We  have  found  data  that 
support  a  mechanistic  role  of  phosphorylation  signals  in  the  axonal  elongation  stage  (Costantini 
and  Isacson,  2000). 


KEY  RESEARCH  ACCOMPLISHMENTS; 

•  The  synergistic  effects  of  anti-apoptotic  (BAF)  and  C5  inhibition  in  transplant  survival  in  vivo 
indicates  that  initial  complement  mediated  and  traumatic  cell  injury  both  contribute  to  post-graft 
cell  death,  possibly  through  similar  intracellular  mechanisms. 

•  Transgenic  donor  cells  with  caspase  3  and  JNK3  deficiency  may  not  develop  appropriate 
ventral  mesencephalic  substantia  nigra  dopaminergic  regions  and  therefore  not  be  useful  for 
transplantation. 
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•  Overexpression  of  the  bcl-2  gene  in  dopaminergic  neurons  can  enhance  their  axonal  growth 
capacity.  After  cell  transplantation  of  mice  hubcl-2  expressing  fetal  dopaminergic  neurons  to  6- 
OHDA  lesioned  rat  striatum,  an  enhanced  axonal  outgrowth  was  seen  compared  to  control  wild- 
type  cells. 

•  Axonal  elongation  and  branching  in  dopaminergic  neurons  may  be  controlled  by  different 
intercellular  signalling  involving  at  times  FKBP-12,  calcineurin,  p21  and  p53. 
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Transplant  Society,  Montreux,  Switzerland,  Mar.  21-24, 1999. 

6.  L.C.  Constantini,  D.  Cole,  O.  Isacson.  Neurophilin  ligands:  neurotrophic  effects  in  models 
of  Parkinson’s  disease.  American  Society  for  Neural  Transplantation,  1999. 

7.  O.  Isacson.  Dopamine  neuron  transplantation:  pharmacological  and  behavioral  aspects. 
Behavioral  Pharmacology  Meeting,  Sept.  1-4, 1999. 

8.  O.  Isacson.  Neural  Transplantation  in  Neurodegenerative  Diseases.  Year  of  the  Brain  Inti. 
Symp.  Oct.  1-3, 1999. 


Presentations: 

1999  Cornell  Medical  School/New  York  Hospital  “Developing  nerve  cells  against 
neurodegeneration”  (grand  rounds  &  lecture) 

1999  Montreux,  Switzerland,  The  International  Cell  Transplant  Society,  “Primary  neuronal  cell 
transplantation  for  Parkinson’s  disease  (lecture) 

1999  Keystone  Symposia,  “Neural  xenotransplantation  for  neurodegenerative  disease”  (lecture) 

1999  Dalhousie  University,  Halifax,  Clinical  Neuroscience  (rounds)  and  Dept,  of  Anatomy  and 
Neurobiology  (lecture) 

1999  University  of  Pittsburgh  Medical  Center,  Dept,  of  Pathology  (lecture) 

1999  University  of  Rochester,  Experimental  Therapeutics  Workshop  (lecture)  and  Neurology 
Grand  Rounds 

1999  Vancouver,  BC,  XIEIth  Inti.  Congress  on  Parkinson’s  Disease  (lecture) 

1999  Odense,  Denmark,  7th  Inti.  Neural  Transplantation  Meeting  (lecture) 

1999  Boston,  European  Behavioral  Pharmacology  Society  and  Behavioral  Pharmacology  Society 
Conference  (lecture) 

1999  Austrian  Parkinson  Society,  Vienna  (lecture) 

1999  Bonn,  Inti.  Neuroscience  Symposium  “Molecular  Basis  of  CNS  Disorders”  (lecture) 

1999  London,  The  Novartis  Foundation  “Neural  Transplantation  in  Neurodegenerative  Disease” 

1999  Miami,  6th  National  Parkinson’s  Foundation  Inti.  Symposium  on  Parkinson’s 
Research  (lecture)  ,, 

2000  Louisville,  ‘The  Neuroscience  of  Developing  Cell  Therapies  for  Parkinson’ s  Disease 
(lecture) 

2000  Zurich,  Inti.  Study  Group  on  the  Pharmacology  of  Memory,  (lecture) 
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2000  Tokyo,  Inti.  Workshop:  Stem  Cell  Biology  &  Cellular  Molecular  Treatment  (lecture) 

2000  II  Ciocco,  Italy,  Gordon  Research  Conference  (lecture) 

2000  Rome,  Inti.  Cong,  of  the  Transplantation  Society  (lecture) 

2000  Turin,  Italy,  Cellular  &  Molecular  Mechanisms  of  Brain  Repair  (lecture) 

2000  Stockholm,  Karolinska  Institute,  Neural  Donor  Cells  for  Transplantation  (lecture) 

2001  Colorado,  Winter  Conf.  on  Brain  Repair,  Cell  and  Gene  Therapy  for  Basal  Ganglia 
Disorders  (panel  organizer) 

200 1  San  Francisco,  AAAS,  Stem  Cell  Biology  and  Parkinson’ s  Disease  (session  lectire) 

2001  Paris,  Association  pour  la  Neuro-Psycho-Pharmacologie,  Huntington  a  Model  Disease 
(lecture) 

2001  Valencia,  Spain,  Fundacion  Valenciana  de  Estudios  Avanzados,  The  Impact  of  Stem  Cell 
Research  on  Neural  Transplantation  (lecture) 

2001  Potomac,  MD,  Workshop  on  Department  of  Defense  Sponsored  Parkinson’s  Related 
Research  (Session  Chair) 

2001  Philadelphia,  World  Parkinson’s  Day  Symposium,  Thomas  Jefferson  University  (lecture) 
2001  Detroit,  MI,  Wayne  State  University  Center  for  Molecular  Medicine  and  Genetics  (lecture) 
2001  Osaka,  Japanese  Society  for  Neural  Growth,  Regeneration  and  Transplantation  (lecture) 
2001  Halifax,  NS,  Canadian  Congress  of  Neurological  Sciences  (lecture) 

2001  Princeton,  NJ,  Inti.  Neurodegeneration  Conference  (lecture) 

2001  Colorado  Springs,  CO,  Inti.  Neurotoxicology  Meeting  (lecture) 


CONCLUSIONS: 

Our  findings  support  the  idea  of  using  anti-apoptotic  agents  to  prevent  otherwise  healthy 
neurons  from  demise  after  transplantation.  In  addition,  we  have  discovered  a  role  of  complement 
mediated  cell  damage  after  transplantation.  Our  data  in  this  project  also  indicate  that  the  bcl-2 
molecule  can  modify  the  growth  state  of  the  axon  of  the  neuron.  The  experiments  have 
demonstrated  that  the  implantation  of  hubcl-2  overexpressing  mouse  neurons  into  the  rat  dopamine 
denervated  striatum  can  lead  to  an  improvement  in  donor  axonal  out^owth.  We  have  also  shown 
that  anti-apoptotic  and  C5  inhibition  can  lead  to  greater  cell  survival  in  neural  transplantation.  Our 
experiments  also  indicate  that  neurotrophic  factors  such  as  GDNF  and  immunophilin  ligands  also 
can  modify  axonal  elongation  and  branching  patterns  at  least  of  cultured  dopaminergic  neurons. 
The  effort  to  derive  a  better  treatment  for  patients  and  U.S.  service  personnel  with  Parkinson’s 
disease  is  supported  by  these  cell  transplantation  studies.  The  transgenic  modification  of 
dopaminergic  neurons  and  the  successful  transplantation  of  a  number  of  these  dopamine-producing 
cells  may  lead  to  improved  functional  recovery  in  surgical  transplantation  therapies.  The 
neuroprotective  measures  for  neurons  being  transplanted  (anti-apoptosis,  neurotrophic  factors,  and 
complement-inhibition)  appear  useful  and  necessary  to  enhance  procedures  and  outcomes  of 
grafting  protocols. 
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Figure  legend: 

A)  In  Vivo  Assessment  ofCaspase  Inhibition:  Fresh  V5.  Overnight  Treatment  Conditions. 
There  was  no  significant  difference  between  overnight  incubation  versus  fresh  in  the 
control  groups.  Rat  recipients  receiving  VM  cell  suspension  that  were  treated  with  B  AF 
just  prior  to  transplant  resulted  in  a  greater  number  of  TH  positive  neurons  compared  to 
control.  In  contrast,  VM  cell  suspension  that  were  incubated  with  BAF  overnight  showed 
less  TH  positive  cells  than  the  control  group.  BAF  treatment  just  prior  to  transplantation 
enhanced  TH  cell  survival  in  comparison  to  the  fresh  isolation  control  group  but  did  not 
reach  statistical  significance.  However  fresh  BAF  treatment  resulted  in  significantly 
greater  TH  cell  survival  as  compared  to  the  overnight  BAF  and  overnight  control 
treatment  groups. 


B)  Effects  ofCaspase  and  Complement  Inhibition  on  Allograft  Survival. 

The  anti-C5  treatment  had  no  affect  on  enhancing  TH  cell  survival  and  had  comparable 
TH  cell  counts  as  compared  to  the  control  group.  There  was  a  2.5  fold  increase  in  TH  cell 
counts  in  the  BAF  group  versus  control  that  did  not  reach  statistical  significance.  The 
average  TH  cell  number  was  enhanced  by  the  addition  of  C5  to  the  BAF  treatment.  The 
BAF/C5  treatment  resulted  in  a  3  fold  increase  in  TH  positive  cell  numbers.  This 
combination  treatment  had  a  synergistic  effect  showing  a  greater  number  of  surviving  TH 
positive  cells  then  the  added  effect  of  the  single  treatments. 
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K.  Holm  and  O.  Isacson  -  BCL2  and  persistence  of  axonal  growth 


Review 


Factors  intrinsic  to  the  neuron  can  induce 
and  maintain  its  ability  to  promote  axonal 
outgrowth:  a  role  for  BCL2? 

Karin  Holm  and  Ole  Isacson 


The  adult  CNS  provides  a  poor  environment  for  axonal  growth  and  regeneration.The  question  of 
to  what  extent  the  loss  of  axonal  growth  occurring  as  the  brain  matures  is  dependent  on  factors 
intrinsic  or  extrinsic  to  the  growing  neuron  is  still  unanswered.  Examination  of  axonal  growth 
from  neural  transplants  provides  insight  into  the  roles  of  growth  factors,  inhibitory  molecules, 
growth-promoting  substrates  and  the  differences  between  CNS  and  PNS  environments  in  the 
regulation  of  neurite  extension.The  data  that  imply  a  role  for  BCL2  and  related  molecules  in  such 
processes  are  reviewed  in  this  article,  which  analyzes  the  factors  intrinsic  to  the  neuron  that 
control  its  capacity  for  axonal  growth. 

Trends  NeuroscL  (1999)  22,  269-273 


IMPLANTATION  OF  NEURONS  into  the  brain  pro¬ 
vides  an  in  vivo  assay  for  measuring  permissive  and 
non-permissive  axonal-growth  substrates,  as  well  as 
differences  in  the  capacity  of  neurons  to  extend  their 
axons.  In  a  recent  experiment  Davies  and  colleagues^ 
asked  the  question  of  whether,  in  the  absence  of  glial 
scarring,  adult  white  matter  can  be  growth  permissive 
for  axons  from  an  adult  neuron  and,  moreover, 
whether  local  production  of  chondroitin  sulfate  in  the 
host  will  decrease  the  ability  of  grafted  neurons  to 
extend  their  axons.  Using  a  microtransplantation  tech¬ 
nique  to  minimize  scarring,  they  reported  rapid  axonal 
extension  by  grafted  adult  dorsal-root-ganglion  neur¬ 
ons  (DRG)  for  long  distances  in  the  host  white  matter. 
Grafts  with  no  outgrowth  were  surrounded  by  a  bor¬ 
der  of  chondroitin  sulfate,  whereas  no  increase  in  pro¬ 
teoglycans  was  detected  in  grafts  that  extended  their 
axons  (see  Fig.  1A,B).  The  researchers'  interpretation 
of  these  data  is  that  the  adult  CNS  environment  can 
still  be  growth  supporting  for  adult  neurons.  However, 
the  adult  PNS  (which  contains  DRG  neurons)  nor¬ 
mally  retains  the  ability  to  regenerate  axons  and,  thus, 
raises  the  question  of  whether  DRG  neurons  might 
also  possess  intracellular  properties  that  allow  them  to 
extend  axons  for  long  distances.  An  alternative  inter¬ 
pretation,  therefore,  is  that  intrinsic  properties  of  the 
transplanted  PNS  neurons,  like  fetal  CNS  neurons,  can 


overcome  the  growth  inhibition"^  by  the  adult  CNS 
environment.  In  fact,  in  an  experiment  in  1977, 
Bjorklund  and  Stenevi^  transplanted  adult  sympathetic- 
ganglion  neurons  to  a  cavity  in  the  septo-hippocampal 
junction  of  bilaterally  sympathectomized  adult  rats 
(Fig.  1A,C).  They  demonstrated  that  axonal  growth 
was  produced  by  these  transplanted  nonadrenergic 
PNS  neurons,  which  extensively  reinnervated  the  host 
hippocampus  across  the  necrosis  of  the  lesion,  and  that 
continuous  axonal  extension  occurred  up  to  three 
months  after  transplantation.  Axons  grew  for  more 
than  4  mm  into  the  hippocampus.  As  spontaneous 
regeneration  by  the  host-brain  noradrenergic  axons 
was  prevented  by  toxic  lesion  of  nonadrenergic  neur¬ 
ons  located  in  the  locus  coeruleus,  these  experiments 
demonstrate  that  PNS  neurons  have  the  ability  to 
extend  axons  for  considerable  distances  in  the  adult 
CNS.  Given  that  PNS  neurons  and  some  CNS  neuronal 
phenotypes,  such  as  nonadrenergic  and  cholinergic^'^, 
retain  their  ability  to  regenerate  throughout  adulthood, 
there  must  be  molecules  and  intrinsic  processes  that 
allow  such  confirmed  axonal  growth.  These  intrinsic 
properties  might  involve  the  same  growth-promoting 
molecules  that  are  active  during  the  short  time  when 
embryonic  transplanted  CNS  neurons  are  able  to  extend 
axons,  despite  the  inhibitory  properties  of  the  adult 
CNS  (Ref.  4). 
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Fig.  1.  In  vivo  paradigms  that  illustrate  conditions  and  factors  involved  in  maintaining 
capacity  for  long-distance  axonal  growth  in  the  adult  brain.  By  transplanting  adult  dorsal- 
root  ganglia  (DRC)  to  the  white-matter  tracts  of  adult  rats  [(see  red  arrows  in  (A)],  Davies 
et  al.'  demonstrated  that  long-distance  axonal  growth  occurred  from  the  grafted  adult  DRG 
neurons  into  the  adult  host,  unless  excessive  proteoglycan-rich  barriers  prevented  axonal  pen¬ 
etration.  The  placements  of  the  grafts  (red)  are  illustrated  in  (A)  (the  upper  sagittal  view  of  the 
rat  brain)  and  in  more  detail  in  (B).  The  axons  growing  within  the  white-matter  tracts  are 
detailed  in  (B).  In  an  earlier  but  related  experimental  paradigm  (C),  Bjorklund  and  Stenevi^ 
managed  to  transplant  adult  superior  cervical  ganglia  (green)  to  the  site  of  an  adult  fimbria- 
fornix  transection  in  rats.  Axons  from  the  adult  noradrenergic  neurons  (green)  penetrated  the 
adult  dorsal  hippocampus  (he)  and  these  axons  grew  for  several  millimeters  into  the  adult  hip¬ 
pocampus.  A  third  example  (D)  of  a  capacity  for  axonal  growth  into  CNS  territory,  which  is  not 
normally  permissive  to  penetration,  is  provided  by  the  experiments  of  Chen  et  al.^  In  mice  that 
overexpress  Bcl2,  at  an  age  when  axonal  regeneration  in  the  retino-tectal  system  is  normally 
abortive  (postnatal  day  4),  these  authors  demonstrated  optic-tract  axonal  regrowth  [dark-blue 
fibers  in  (D)J  through  a  transected  area  into  the  tectum  by  postnatal  day  1 0.  The  three  in  vivo 
examples  of  regenerative  or  regeneration-like  growth  all  illustrate  situations  in  which  factors 
intrinsic  to  neurons  can  extend  the  capacity  for  axonal  growth  into  relatively  non-permissive 
adult  neural  substrates.  Abbreviations:  ac,  anterior  commissure;  cc,  corpus  callosum;  f,  fornix; 
g,  grafted  neurons;  he,  hippocampus;  sc,  superior  colliculus. 

In  normal  development,  axonal  growth  occurs  in 
spurts  that  are  interrupted  by  growth-cone  collapse^®. 
It  appears  that  molecular  gradients  of  attractive  and 
inhibitory  cues  provide  axonal  orientation  by  induc¬ 
ing  asymmetric  growth-cone  collapse  and  extension®. 
Axons  from  transplanted  fetal  neurons  can  grow 
extensively  in  neonatal  host  brain,  but  less  so  adult 
host  brain^'^°.  Therefore,  the  adult  CNS  environment 
is  likely  to  cause  more  frequent  growth-cone  collapse 
of  transplanted  neurons,  which  increases  the  time 
needed  for  the  axon  to  reach  its  target.  Most  trans¬ 
planted  neuronal  phenot5q)es  only  persist  in  a  grow¬ 
ing  state  for  a  limited  time.  In  fetal  allotransplantation 
to  the  adult  host  brain,  this  time  is  usually  too  short 
for  the  axon  to  reach  distant  targets.  Xenotransplan¬ 
tation  experiments  that  use  donor  species  with  slower 
embryonic  development  than  the  host,  for  example, 


pig^^  or  human^^  transplanted  to  adult  rats,  show  that 
the  longer  time  window  for  outgrowth  in  this  para-- 
digm  allows  the  axons  to  reach  long-distance  targets. 
One  frequently  used  explanation  for  this  is  that  axons 
from  the  xenotransplants  could  be  less  responsiva  to 
growth-inhibiting  molecules  produced  in  the  host 
brain.  This  is  certainly  possible,  but  less  likely  as  we 
have  preliminary  observations  that  the  growth  from 
xenotransplants  in  the  adult  is  relatively  impeded 
compared  with  growth  in  developing  postnatal-day  7 
(P7)  brain^°,  which  indicates  that  growth  inhibition 
seen  in  allotransplants  is  also  present  in  xenotrans¬ 
plants.  Also,  mouse  fetal  tissue  that  is  xenotransplanted 
to  the  rat  striatum  does  not  show  the  increase  in  ax¬ 
onal  growth  relative  to  rat  donor  tissue  that  is  seen 
when  human  tissue  is  xenotransplanted  into  the  rat^®. 

Another  reason  for  the  ability  of  embryonic  neur¬ 
ons  to  extend  axons  in  the  adult  brain  could  be  that 
they  have  yet  to  produce  receptors  for  certain  growth- 
inhibiting  factors.  There  is,  in  fact,  partial  evidence  of 
upregulation  of  the  synthesis  of  these  receptors  in 
developing  neurons  around  the  time  of  myelination^^. 
An  intrinsic  program  for  axonal  outgrowth  would, 
thus,  be  correlated  with  a  low  responsiveness  to  in¬ 
hibitory  signals  from  the  environment.  As  the  neuron 
matures,  the  increased  production  of  the  receptors  for 
growth  inhibitors  would  retard  its  growth.  The  ability 
for  long-distance  axonal  growth  from  xenotransplants 
could,  therefore,  be  due  to  the  greater  length  of  time 
that  elapses  before  these  receptors  are  produced, 
coupled  to  the  delay  while  certain  growth-promoting 
molecules  become  active  within  the  neuron. 

Fetal  neuronal  transplantation  as  a  model  system: 
factors  extrinsic  to  the  neuron  that  might  be 
involved  in  regulation  of  axonal  outgrowth 

The  adult  CNS  is  a  relatively  poor  environment  for 
axonal  growth  and  regeneration.  Nevertheless,  fetal 
neurons  are  capable  of  extending  axons  to  some 
degree,  even  in  the  adult  brain,  especially  when  trans¬ 
planted  to  their  axonal  target  zones.  For  example,  fetal 
rat  ventral-mesencephalic  (VM)  cells  that  are  allo- 
transplanted  to  the  adult  striatum  of  an  animal  model 
of  Parkinson's  disease  will  form  connections  and  cre¬ 
ate  behavioral  recovery  in  the  recipients^**.  However, 
in  most  cases,  histological  analysis  shows  that  only  a 
part  of  the  target,  that  which  immediately  surrounds 
the  graft,  is  innervated  using  this  transplantation 
method.  Conversely,  when  transplanted  to  neonatal 
brain,  these  fetal  neurons  migrate  into  the  surround¬ 
ing  brain  and  extend  axons  for  long  distances^  *®. 
Interestingly,  the  host  age  at  which  homotopically 
transplanted  embryonic  VM  neurons  fail  to  extend 
axons  for  a  long  distance  to  the  striatum  appears  to  be 
between  P8  and  P20. 

What  are  the  factors  involved  in  this  transition  of 
the  host  environment  from  one  that  is  permissive  to 
growth  to  one  that  inhibits  growth?  High  levels  of 
growth  factors  are  present  in  the  brain  during  devel¬ 
opment  and  correlate  in  time  and  location  with 
enhanced  growth  of  specific  groups  of  neurons.  For 
example,  the  gene  encoding  NGF  is  highly  expressed 
in  the  hippocampus  and  cortex  during  development*®, 
and  likewise  the  gene  encoding  glial-derived  neuro¬ 
trophic  factor  (GDNF)  is  expressed  in  the  developing 
striatum*®.  There  are  several  studies  that  show 
improved  innervation  of  tissue  surrounding  the  graft 
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when  the  graft  is  exposed  to  growth  factors. 

‘Granholm  and  colleagues  showed  more  extensive 
innervation  from  dopaminergic  cells  transplanted  to 
the  striatum  after  pretreatment  of  the  fetal  tissue  with 
GDNF  (Ref.  17).  In  addition  to  improved  innervation 
of  nearby  target  tissue;  long-distance  growth  has  also 
been  achieved  using  growth  factors.  For  example; 
Wang  et  created  a  track  of  GDNF  along  which 
axons  from  grafted  dopaminergic  neurons  placed  in 
the  substantia  nigra  (SN)  could  grow  to  the  target 
striatum.  Furthermore;  productions  of  growth  factors 
could  be  the  cause  of  more-extensive  or  long-distance 
axonal  outgrowth  from  grafted  neurons  in  a  number 
of  experiments  that  use  co-transplantation  of  embry¬ 
onic  tissue.  Transplantation  of  a  mixture  of  fetal  VM 
and  striatal  cells  into  adult  6-hydroxy-dopamine- 
lesioned  striatum  results  in  a  larger  area  of  dense 
innervation  surrounding  the  graft When  transplant¬ 
ing  embryonic  VM  cells  to  the  lesioned  SN  and  creat¬ 
ing  a  bridge  of  embryonic  cortical  tissue  along  an 
oblique  needle  track  from  the  SN  to  the  striatum; 
Dunnett  and  colleagues^^  showed  that  dopaminergic 
fibers  from  the  graft  could  grow  along  the  bridge  graft 
all  the  way  to  the  striatum.  Mendez  and  colleagues^^ 
transplanted  fetal  VM  cells  simultaneously  to  the  SN 
and  the  striatum  of  adult  rats  and;  surprisingly; 
growth  of  dopaminergic  axons  from  the  graft  in  the 
SN  to  the  VM  graft  in  the  striatum  was  observed;  using 
retrograde  labeling  with  flourogold.  As  a  control;  fetal 
cortical  neurons  transplanted  into  the  striatum  did 
not  cause  the  homotopically  placed  dopaminergic 
neurons  to  grow  to  the  striatum.  A  possible  expla¬ 
nation  for  this  long-distance  axonal  growth  could  be 
the  release  of  appropriate  trophic  factors  by  fetal  cellS; 
which  thereby  stimulate  long-distance  directional 
growth  of  axonS;  as  appropriate  axon  orienting 
(tropic)  factors  are  still  provided  by  the  adult  CNS 
environment^  k 

A  number  of  factors  and  conditions  that  inhibit 
growing  neurites  have  been  described;  many  of  which 
are  present  in  the  adult  CNS  (Ref.  4).  Blocking  these 
factors  is  one  approach  that  can  be  used  to  make  the 
adult  CNS  more  permissive  for  axonal  growth  and 
regeneration.  Several  experiments  that  used  anti¬ 
bodies  to  growth-inhibiting  proteinS;  such  as  myelin- 
associated  neurite-growth  inhibitors;  to  treat  lesioned 
axons  in  the  CNS;  demonstrate  a  moderate  increase  in 
regeneration  ThuS;  it  seems  that  these  proteins  are;  to 
some  extent;  involved  in  the  inhibition  of  axonal 
growth  in  the  CNS.  Inhibitors  of  neurite  growth  and 
the  application  of  antibodies  directed  to  these 
inhibitors  are  reviewed  by  Schwab^.  The  growth- 
inhibiting  properties  of  the  adult  CNS  surroundings 
are  not  seen  in  the  PNS.  Instead;  the  PNS  environment 
usually  provides  excellent  conditions  for  regeneration 
and  axonal  growth.  For  example;  peripheral  myelin 
has  been  shown  to  promote  axonal  growth;  even  for 
CNS  neurons^^.  In  early  transplantation  experiments; 
Aguayo  et  used  grafted  sciatic  nerve  to  connect 
dopaminergic  grafts  in  the  SN  to  their  striatal  target. 
They  observed  remarkable  long-distance  growth  of 
dopaminergic  fibers  through  the  whole  length  of  the 
sciatic  graft  (outside  the  skull  and  back  into  the  stri¬ 
atum).  In  summary;  these  studies  demonstrate  the 
importance  of  factors  present  in  the  surrounding  CNS 
for  the  ability  of  neurons  to  extend  and  regenerate 
axons  (Table  1). 


TABLE  I .  Factors  and  conditions  that  are  involved  in  axonal  outgrowth 
mainly  as  studied  in  transplantation  experiments 


Growth  promoting 

Growth  inhibiting 

Extrinsic  Fetal  host’ 

Adult  host'® 

Fetal  tissue  at  target”'^' 

Proteoglycans  (chondroitin  sulfate) 

Minimal  scarring  from 

surrounding  the  transplant' 

transplantation' 

Myelin-associated  growth 

Peripheral  environment^^^^ 

inhibitors^ 

Denervated  target  area^^ 
Growth-fector  stimulation'^'® 

Intact  target  area^'' 

Intrinsic  BCL2  (Refs  24,25) 

Receptors  for  growth  inhibitors'^ 

Faaors  present  during  certain 

Inhibitory  factors  or  lack  of 

time  of  fetal  development"  '^ 

growth-promoting  factors  in  adult 

Faaors  in  fetal  and  adult  PNS 

CNS  neurons^^ 

neurons'’^ 

Undoubtedly;  the  CNS  becomes  less  permissive  for 
axonal  growth  as  the  brain  matures.  Nevertheless;  as 
already  described;  fetal  neurons  transplanted  to  the 
adult  CNS  have  the  ability  to  extend  axons  in  gray  and 
white  matter.  What  are  the  factors  involved  in  this 
ability  of  the  fetal  neuron  to  overcome  the  growth 
inhibition  by  the  surrounding  adult  brain? 

In  search  for  intrinsic  factors:  does  BCL2  regulate 
the  potential  of  a  neuron  to  extend  its  axon? 

As  for  extrinsic  factors  that  regulate  axonal  exten¬ 
sion;  several  molecules  and  conditions  intrinsic  to 
the  neuron  appear  to  control  axonal  growth;  such  as 
growth-associated  proteinS;  activated  cytoskeletal  pro¬ 
teins;  Ca^^;  cAMP  and  other  second-messenger  sys- 
tems^'®'^^"^^.  BCL2  is  among  the  factors  that  have  been 
discussed  in  the  context  of  the  induction  and  mainte¬ 
nance  axonal  growth^^  The  Bcl2  gene  was  originally 
discovered  as  the  proto-oncogene  at  the  breakpoint 
of  the  follicular  lymphoma  translocation  t(14;18).  It 
has  been  shown  to  be  protective  against  cell  death 
induced  by  a  variety  of  apoptotic  and  necrotic  stimuli; 
such  as  ischemia^*^;  traumatic  brain  injury^^  growth- 
factor  deprivation  and  generation  of  free  radicals^^. 
Bcl2  is  expressed  in  the  CNS  during  the  middle  to  late 
gestational  period  and  its  expression  is  downregulated 
at  the  time  of  birth;  persisting  in  regions  with  late  dif¬ 
ferentiation;  such  as  the  dentate  gyrus^^'^^.  The  highest 
levels  of  BCL2  seen  during  the  embryonic  period  are 
found  in  the  neuroblasts  of  the  ventricular  zones  and 
in  post-mitotic  neurons  during  the  period  of  naturally 
occurring  cell  death  (NOCD).  With  aging;  BCL2  levels 
decline  in  most  CNS  neuronS;  but  remain  elevated 
in  neurons  of  the  PNS.  Bcl2  expression  is  high  in  the 
cortical  plate:  most  prominently  around  E16.  Residual 
Bcl2  expression  in  the  adult  brain  occurs  mainly  in 
microglia^^  However;  this  interpretation  was  chal¬ 
lenged  by  a  recent  study  in  squirrel  monkeys  that 
described  two  patterns  of  neuronal  Bcl2  expressions^: 
(1)  a  uniform  immunostaining  of  the  entire  cell  in¬ 
cluding  its  processes;  and  (2)  a  granular  immuno¬ 
staining  that  excluded  the  processes.  Over  time  the 
first  pattern  is  gradually  replaced  by  the  second  pat¬ 
tern;  which  persists  in  the  adult  brain.  The  authors 
suggest  that  the  former  pattern  of  BCL2  immuno¬ 
staining  is  seen  in  neurons  undergoing  developmental 
differentiation  while  the  latter  pattern  might  repre¬ 
sent  immature  undifferentiated  neurons  that  persist  in 
the  adult  brainss. 
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Fig.  2.  Schematic  representation  of  co-cu!tures  of  retina  and  tectum 
at  various  developmental  timepoints.  Wild-type  control  embryonic- 
day  16  (WT  El  6)  retinal  ganglion  cells  (RCCs)  show  extensive  innerva¬ 
tion  of  the  tectal  target  (A).  At  El  8  (WT  El 8),  there  is  a  complete  fail¬ 
ure  to  innervate  the  tectum  (B).  Conversely,  the  RCCs  of  El  8  mice  that 
overexpress  Bcl2  (Bcl2  TRC  El  8)  still  show  extensive  target  innervation 
of  the  tectum  (C),  as  do  the  same  RCCs  in  adults  (Bcl2  TRC  Adult)  (D), 
These  RCCs  also  fail  to  innervate  adult  tectum  (E).  RCCs  from  Bcl2 
knockout  mice  (Bcl2  KO  El  6)  have  lost  their  ability  to  innervate  tectal 
tissue  already  by  El  6  (F),  Data  for  the  figure  taken  from  Chen  et  al} 

Naturally  occurring  cell  death  is  a  prominent  fea¬ 
ture  of  the  developing  CNS.  It  can  involve  as  many  as 
80%  of  the  neurons,  and  one  of  the  major  functions 
of  histogenetic  cell  death  (a  form  of  NOCD)  in  the 
nervous  system  seems  to  be  the  efficient  innervation 
by  cells,  as  a  result  of  competition  for  growth  factors, 
at  the  time  the  cells  reach  their  target^^  The  period  of 
Bcl2  expression  in  the  developing  nervous  system 
coincides  closely  with  the  period  of  NOCD  at  the  time 
when  the  axons  reach  their  target^^  and  could,  thus, 
be  involved  in  selective  sparing  of  neurons  during  this 
period.  Mice  that  overexpress  Bcl2  show  reduced  neur¬ 
onal  loss  during  NOCD,  which  leads  to  hypertrophy 
of  the  nervous  system^°.  Interestingly,  high  levels  of 
Bcl2  expression  also  correspond  to  the  entire  phase  of 
axonal  elongation^^  Evidence  now  exists  that  BCL2  is 
indeed  involved  in  the  process  of  axonal  extension, 
which  is  a  function  that  is  distinct  from  its  anti- 
apoptotic  activity.  In  a  recent  experiment,  Chen  et  al? 
used  mice  that  overexpressed  human  BCL2,  coupled 
to  a  neuron-specific-enolase  promoter.  Retino-tectal 
co-cultures  prepared  from  these  mice  showed  contin¬ 
uous  innervation  of  the  tectum  at  E18,  in  contrast  to 
wild-type  retinal  controls  (Fig.  2).  Incubation  with 
ZVAD-FMK,  which  is  a  wide-spectrum  caspase  inhib¬ 
itor  of  apoptosis,  prevented  cell  death  as  did  over¬ 
expression  of  Bcl2,  but  no  significant  increase  in 
axonal  outgrowth  was  observed^^.  This  indicates  that 
effects  on  axonal  outgrowth  produced  by  BCL2  are 
distinct  from  its  anti-apoptotic  effect.  Moreover, 
reduced  levels  of  BCL2  decrease  the  axonal  growth- 
promoting  ability  of  sensory  neurons^^  and  in 
retino-tectal  co-cultures  prepared  from  Bcl2  knock¬ 
outs  at  embryonic  day  16  (E16),  homozygote  cultures 
showed  an  80%  decrease  in  innervation  of  the  tectum 
compared  to  wild-type  controls.  This  corresponds  to 
the  effects  observed  in  wild-type  retina  co-cultured 
with  tectum  at  El 8,  the  time  when  axonal  extension 
has  come  to  an  end.  Immunohistochemistry  of 
embryonic  retinal  tissue  showed  that  there  was  a  total 
loss  of  BCL2  immunoreactivity  in  retinas  from  El 8 


wild-type  mice^.  This  demonstrates  that  BCL2  levels 
are  directly  correlated  to  the  ability  of  the  re-tinah 
neuron  to  extend  axons.  Axotomized  retinal  axons  in 
a  P4  mouse  that  overexpressed  Bcl2  grew  in  large  num¬ 
bers  across  the  lesion  site  and  innervated  the  tectum 
at  a  site  that  was  caudal  to  the  injury^  (see  Fig.  1A,D). 
Using  a  dopaminergic  cell  line.  Oh  and  colleagues^^ 
showed  that  vector  induction  of  human  BCL2  leads  to 
robust  neurite  formations  when  compared  with  a  con¬ 
trol  vector.  Increased  time  in  culture  (more  than  four 
days)  led  to  increased  neurite  length.  Zhang  and  col¬ 
leagues^^  used  a  human  neural-crest-derived  cell  line 
that  undergoes  spontaneous  differentiation  and  nor¬ 
mally  expresses  moderate  levels  of  BCL2.  They  showed 
that  manipulations  of  BCL2  levels  with  antisense 
cDNA  resulted  in  a  lack  of  differentiation  and  that 
overexpression  of  Bcl2  produced  by  adding  sense 
cDNA  resulted  in  increased  axonal  outgrowth^^  The 
ability  of  the  PNS  to  regenerate  axons  and  the  persis¬ 
tence  of  BCL2  levels  in  these  cells  also  suggest  that  * 
BCL2  has  a  growth-promoting  effect.  Notably,  Bcl2 
expression  has  been  described  in  the  superior  cervical 
ganglion  and  the  DRG  in  mice  at  five  months^^. 

Concluding  remarks 

Several  extracellular  and  intracellular  factors  have 
been  discussed  that  influence  axonal  growth  in  the 
context  of  neuron-target  interactions  in  vitro,  after 
in  vivo  CNS  lesions  and  by  fetal  neuronal  transplants 
placed  in  the  adult  brain.  It  can  be  concluded  that, 
even  in  the  adult  brain,  it  is  possible  to  induce  the  pro¬ 
duction  of  factors  intrinsic  to  the  neuron  that  increase 
and  maintain  axonal  growth.  Further  studies  of  BCL2 
and  other  similar  molecules  that  influence  the  growth 
capacity  of  axons  in  the  adult  CNS  should,  therefore, 
be  instructive. 
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Fetal  ventral  mesencephalic  (VM)  transplants  have 
been  studied  in  the  context  of  dopaminergic  (DA) 
replacement  therapy  for  Parkinson’s  disease  (PD).  DA 
neurons  from  VM  transplants  will  grow  axons  and 
form  functional  synapses  in  the  adult  host  central 
nervous  system  (CNS).  Recently,  studies  have  demon¬ 
strated  that  most  of  the  transplanted  DA  neurons  die 
in  grafts  within  the  first  week  after  implantation.  An 
important  feature  of  neural  development,  also  in  trans¬ 
planted  developing  fetal  neural  tissue,  is  cell  death. 
However,  while  about  50%  of  cells  born  in  the  CNS  will 
die  naturally,  up  to  99%  of  fetal  cells  die  after  neural 
transplantation.  It  has  been  shown  that  VM  grafts 
contain  many  apoptotic  cells  even  at  14  days  after 
transplantation.  The  interleukin- Ip  converting  en¬ 
zyme  (ICE)  cysteine  protease  and  11  other  ICE-like- 
related  proteases  have  been  identified,  now  named 
caspases.  Activation  of  caspases  is  one  of  the  final  steps 
before  a  neuron  is  committed  to  die  by  apoptosis.  Here 
we  review  this  cell  death  process  in  detail:  Since  the 
growth  of  fetal  neural  grafts  placed  in  the  adult  brain 
in  many  ways  mimics  normal  development,  it  is 
likely  that  the  caspases  also  play  a  functional  role  in 
transplants.  Pharmacological  inhibitors  of  caspases 
and  genetically  modified  mice  are  now  available  for 
the  study  of  neuronal  death  in  fetal  neuronal  trans¬ 
plants.  Understanding  cell  death  mechanisms  in¬ 
volved  in  acute  cellular  injury,  necrosis,  and  pro¬ 
grammed  cell  death  (PCD)  is  useful  in  improving 
future  neuronal  transplantation  methodology,  as  well 
as  in  neuroprotection,  for  patients  with  neurodegener- 
ative  diseases.  ©  1999  Academic  Press 


Transplanting  fetal  VM  neurons  has  proved  that 
structural  brain  repair  is  possible  for  patients  with  PD. 
However,  while  necessary  functional  and  structural 
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repair  is  possible  using  fetal  neurons  (61,  66),  current 
transplant  preparation  and  procedures  are  associated 
with  a  low  yield  of  surviving  DAneurons  after  transplan¬ 
tation  and  this  limits  the  potential  utility  of  this 
treatment  (65).  During  brain  development,  cell  death  is 
believed  to  occur  as  a  result  of  the  adjustment  of  neuron 
number  to  their  trophic  factor  producing  targets  (105). 
Depending  on  the  cellular  system,  in  the  range  of 
20-80%  (9,  11,  13,  14,  81,  105)  of  born  neurons  die 
during  normal  CNS  development.  However,  up  to  99% 
(9,  11,  13,  14)  of  the  transplanted  neurons  die  during 
graft  development.  Recent  discoveries  have  provided 
insight  into  at  least  two  different  kinds  of  cell  death 
seen  in  fetal  graft  development:  apoptosis  and  necrosis 
(1,  23,  43,  86,  145).  A  large  proportion  of  cell  death  in 
transplants  appears  to  be  apoptotic  (86, 145).  Although 
many  studies  show  behavioral  recovery  in  rodent  mod¬ 
els  of  PD  with  only  1-4%  (97,  98,  112)  of  transplanted 
dopaminergic  neurons  surviving,  preventing  the  mas¬ 
sive  cell  loss  seen  in  neural  transplants  could  improve 
functional  effects  as  well  as  reduce  inflammation  and 
the  presence  of  immunological  stimuli  that  could  lead 
to  transplant  rejection.  The  major  current  obstacle  to 
transplanting  a  large  number  of  PD  patients  with  VM 
grafts  is  insufficient  access  to  VM  DA  neurons  for 
grafting.  By  increasing  cell  survival  in  a  graft,  less 
tissue  would  need  to  be  transplanted  for  functional 
effects  to  occur. 

Apoptosis,  Programmed  Cell  Death,  and  Necrosis 

Apoptosis  or  programmed  cell  death  (PCD)  is  a 
fundamental  biological  process  in  eukaryotes  in  which 
individual  cells  die  by  activating  their  own  genetically 
programmed  cell  death  mechanisms  (70).  The  term 
apoptosis  (etymologically  from  Greek  apo-from,  de¬ 
tached,  separate,  and  ptosis-falling)  was  introduced 
after  the  discovery  that  a  similar  cell  death  cascade  as 
that  seen  during  PCD  also  occurs  when  mature  cells 
are  dying  as  a  consequence  of  some  pathological  circum¬ 
stances  (70,  135).  In  the  developing  nervous  system,  a 
large  number  of  cells  die  before  birth  by  PCD  (81,  105). 
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PCD  is  therefore  believed  to  be  molding  the  nervous 
system’s  cellular  structure  and  function.  The  surviving 
cells  retain  their  ability  to  undergo  apoptosis  in  adult¬ 
hood  and  can  display  this  process  during  aging  and  in 
neurodegenerative  diseases  (34,  95),  such  as  amyotro¬ 
phic  lateral  sclerosis  (ALS)  (69,  128,  129),  Parkinson’s 
disease  (94),  Huntington’s  disease  (108),  Alzheimer’s 
disease  (28,  96),  and  spinal  muscular  atrophy  (68, 126). 
Neimonal  apoptosis  is  also  seen  to  some  degree  after  acute 
injuries:  trauma  (21),  ischemia  (53),  and  stroke  (67,  79). 

There  is  evidence  that  both  apoptosis  and  necrosis 
can  occur  after  similar  tissue  injury  (109,  121).  Apop- 
totic  death  is  distinguished  from  necrosis  by  a  number 
of  morphological  and  biochemical  criteria  (Table  1)  (70, 
135).  The  main  criterion  for  apoptosis  is  the  presence  of 
internucleosomal  DNA  cleavage,  seen  as  a  “DNA  lad¬ 
der”  on  gel  electrophoresis,  although  this  is  considered 
a  relatively  late  event  (25,  127,  134).  However,  cases 
have  been  described  in  which  apoptosis  occurs  without 
demonstrable  DNA  laddering  (25,  26,  103,  127),  as  in 
tissues  containing  diverse  cell  types  where  only  a 
subset  of  cells  die  by  apoptosis.  This  may  be  relevant  to 
grafted  VM,  where  in  situ  labeling  techniques  could  be 
preferable  to  DNA  gel  electrophoresis.  For  VM  trans¬ 
plants,  double  labeling  for  apoptotic  nuclei  and  dopa¬ 
mine  neurons  would  define  the  PCD  of  the  therapeuti¬ 
cally  relevant  cell  type.  Such  methodology  has  been 
applied  in  the  study  of  apoptotic  dopamine  neurons  in 
culture  (22,  93,  144).  Apoptotic  dopamine  neurons  in 
vivo  were  clearly  described  by  Macaya  et  al.  (85)  in  a 
developmental  striatal  target  loss  in  rodents.  In  situ 
techniques  have  proven  reliable  in  studies  of  suscepti¬ 
bility  of  developing  dopaminergic  neurons  to  undergo 
apoptosis  in  response  to  both  6-OHDA  and  hypoxic- 
ischemic  injury  (88, 104).  However,  DNA  fragmentation 


TABLE  1 

Morphological  Differences  between  Apoptosis  and  Necrosis 


Apoptosis  (70, 135) 


Preservation  of  membrane 
integrity 

Cytoplasmic  and  nuclear  frag¬ 
mentation  (internucleosomal 
cleavage  of  DNA/“DNA 
ladder”),  condensed  chromatin 
remains  in  nucleus 
Diminution  of  cellular  volume 
Plasma  membrane  blebbing/con- 
tortion 

Morphological  conservation  of 
organellar  structure,  retained 
lysosomal  contents 
Apoptotic  bodies  (budding  off  of 
cellular  fragments)  recognition 
and  phagocytosis,  no  inflam¬ 
matory  response 


Necrosis  (70, 135) 


Loss  of  membrane  integrity 
Nuclear  flocculation 
Loss  of  lysosomal  contents,  loss  of 
cellular  content 
Cellular  swelling 
Morphological  signs  of  organellar 
damage 

Cell  lysis,  inflammatory  response 


TABLE  2 


A.  NGF  Deprivation:  Different  Phases  of  PCD  and  Apoptotic  Events 
in  Dying  Neurons  (36,  71,  76) 


[Healthy  neuronj  - [Degraded  neuron] 

|l.Activation|  |2.  Propagati^  |3.  Commitment!  |4.  Execution] 


Apoptotic  ROS  t  Caspases 

trigger-like  Gene  expression 
NGF  i  Glucose  uptake  1 

Purine  efflux  \ 

RNA  and  protein 
synthesis  i 


Substrate 
cleavage-like, 
PARP,  and 
lamins 

DNA  degradation 


B.  Time  Course  of  Events 
(32) 

Hours  after 

NGF  deprivation 

in  Sympathetic  Neurons  Deprived  of  NGF 

Apoptotic  event  after  NGF 
deprivation 

Propagation  phase 

3-8 

ROS  activation 

5-10  (maximum  12-18) 

c-jun,  c-myb,  mkp-1,  and  cyclin  D1 
expression 

6 

Decreased  glucose  uptake 

10 

Increased  purine  efflux 

10  (maximum  15-20) 

c-fos,  fos-b,  and  NGFI-A  expression 

12 

Decreased  RNA  and  protein  syn¬ 
thesis 

12-18 

No  morphological  changes 

17-20 

DNA  fragmentation 

Commitment  phase 

22 

“Commitment  point”;  depending  on 
neuron’s  age;  the  older,  the  more 
resistent 

18-24 

Shrinkage  and  condensation  of 
nuclei 

24-30 

Significant  irregularities 

24-36 

Atrophied  neurons 

48 

95%  of  neurons  dead  with  degen¬ 
eration  of  cellular  organelles 

may  not  be  an  absolute  criterion  for  apoptosis,  since 
certain  neuronal  populations  as  exemplified  by  rat 
cerebellar  granule  neurons  (118)  appear  to  be  able  to 
withstand  such  a  process  or  show  stereotypic  biochemi¬ 
cal  and  morphological  changes  of  apoptosis,  without 
clear  evidence  of  internucleosomal  DNA  cleavage. 

Apoptosis  can  be  divided  into  four  phases  (Tables  2A 
and  2B):  First,  activation  of  the  cell  death  program  is 
induced  by  several  apoptotic  triggers  such  as  depriva¬ 
tion  of  trophic  support.  Second,  this  path  toward  cell 
death  coincides  with  metabolic  changes  such  as  de¬ 
creased  glucose  uptake  and  reduced  protein  and  RNA 
synthesis.  Beyond  a  certain  point,  these  changes  ap¬ 
pear  irreversible  and  the  cell  reaches  the  point  of  “no 
return,”  characterized  by  stereotypic  morphological 
changes  in  cell  structure.  Finally,  the  execution  phase 
is  characterized  by  lysis  of  the  cell  (31,  32,  70, 135).  The 
distinction  between  necrosis  and  apoptosis  is  crucial 
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Because  the  latter  is  under  active  cell  control  (39).  PCD 
was  first  studied  in  the  nematode  Caenorhabditis  el- 
egans  (58,  123).  Pro-  and  antiapoptotic  genes  were 
‘found,  for  which  there  are  mammalian  homologues 
(Table  3),  indicating  that  apoptosis  is  evolutionary  and 
genetically  conserved  (141).  One  such  gene  is  ced-3 
which  encodes  a  member  of  the  ICE  cysteine  protease 
family  and  is  crucial  for  the  execution  of  all  PCDs  in 
mammals  (141).  ICE,  the  first  of  12  members  of  a  larger 
proteolytic  family,  was  initially  identified  as  the  prote¬ 
ase  responsible  for  proteolytic  activation  of  the  interleu- 
kin-1  p  (Il-ip)  precursor  (24,  100,  115,  130-132).  This 
family  of  molecules  are  now  known  as  caspases,  stand¬ 
ing  for  cysteine  proteases  (“c”)  with  cleavage  sites  after 
aspartatic  acid  residues  (“aspase”).  Caspases  are  synthe¬ 
sized  as  inactive  proenz3rmes  in  the  cytoplasm  and  are 
activated  by  cleavage  at  internally  specified  conserved 
aspartate  residues,  in  cells  undergoing  apoptosis.  The 
caspases  thus  initiate  a  cascade  of  proteolytic  cleavage 
leading  to  activation  of  downstream  caspases  with 
cellular  substrates,  such  as  poly(ADP-ribose)  polymer¬ 
ase  (PARP)  and  lamins.  Cellular  apoptotic  mechanisms 
can  involve  the  Bcl2  family  members,  mitochondrial 
release  of  cytochrome  c,  and  the  activation  of  caspases 
(see  Fig.  2):  A  biochemical  sequence  for  such  a  process 
would  be  the  release  of  cytochrome  c  after  opening  of 
mitochondrial  permeability  pores,  which  would  then 
activate  pro-caspase-3.  It  has  recently  been  shown  that 
Bcl2  interferes  with  the  activation  of  caspase-3  by 
preventing  the  release  of  cytochrome  c  (36,  71,  111,  139, 
140).  BcIXL,  an  antiapoptotic  member  of  the  Bcl2 
family,  may  act  by  holding  the  proapoptotic  Apaf-1/ 
caspase-3  complex  inactively  bound  to  the  mitochon¬ 
drial  membrane  (18,  45,  57,  111).  Bax  is  a  proapoptotic 
homologue  of  Bcl2  also  bound  to  the  mitochondria, 
which  induces  the  release  of  cytochrome  c  by  het- 
erodimerizing  with  BclXL  and  displaces  BclXL  from  the 
inactive  Apaf-l/caspase-3  complex.  This  activates 
caspase-3,  which  cleaves  other  caspases  in  the  death 
cascade  (18,  45,  111,  114)  (see  Fig.  2),  Neither  caspase 
inhibitors  nor  Bcl2  has  been  shown  to  prevent  Bax- 
induced  c3d:ochrome  c  release.  Nonetheless,  cells  overex¬ 
pressing  both  Bcl2  and  Bax  show  no  signs  of  caspase 
activation  and  survive  even  though  they  have  signifi- 


TABLE  3 


Function  of  Genes  Modulating  PCD/Apoptosis  in  C.  elegans 
and  Mammalians  (39,  58, 136, 141) 


Gene 

Protein 

Function 

Mammalian 

homologue 

ced-3 

CED-3 

Vital  for  cell  death 

Caspase-3-like-caspases 
(19, 141) 

ced-4 

CED-4 

Vital  for  cell  death 

Apaf-1  (146) 

ced-9 

CED-9 

Prevents  cell  death 

Bcl2-family  (80) 

cant  amounts  of  cytochrome  c  in  the  cytoplasm,  indicat¬ 
ing  that  Bcl2  can  prevent  Bax-induced  apoptosis  by 
other  mechanisms  (114)  (see  Fig.  2). 

Apoptosis  and  Its  Role  in  Cell  Death  of  Neuronal 

Transplants  and  Fetal  Development 

It  may  be  more  appropriate  to  use  the  term  PCD 
rather  than  apoptosis  when  describing  cell  death  in 
developing  grafts,  since  the  term  PCD  was  originally 
introduced  to  describe  cell  death  that  occurs  specifically 
during  embryonic,  fetal,  and  early  postnatal  develop¬ 
ment  and  thus  is  a  physiological  process  (82).  PCD 
timing  varies  from  region  to  region  in  the  brain  and  is 
species-specific,  though  stereotypical.  Most  probably, 
PCD  is  normally  the  result  of  competition  for  a  limited 
amount  of  target-derived  trophic  factors  and  occurs 
mainly  in  neurons  with  axons  that  have  reached  their 
targets  (16,  81, 105).  This  suggests  that  to  some  extent 
synaptic  interactions  control  the  survival  of  neurons 
during  PCD  (16,  81,  105).  In  the  developing  CNS  the 
survival  of  neurons  depends  on  access  to  appropriate 
amounts  of  trophic  factors  (105).  During  neurogenesis 
and  maturation  one-half  or  more  of  the  number  of 
neurons  born  are  eliminated  by  PCD  (81,  105).  During 
this  process,  it  is  believed  that  the  number  of  neurons 
in  connecting  regions  is  matched  to  obtain  a  well- 
functioning  system  (59, 105, 125). 

The  trophic  conditions  for  transplanted  fetal  cells  are 
different  from  normal  development.  For  example,  the 
levels  of  target-derived  trophic  factors  are  reduced  in 
the  adult  compared  to  the  fetal/neonatal  brain.  Nonethe¬ 
less,  glioblasts  contained  in  the  fetal  cell  preparations 
develop  and  produce  a  glial  environment  not  unlike 
that  seen  in  normal  development.  Although  many 
adverse  factors  influence  cells  in  the  process  of  fetal 
neural  transplantation,  such  as  trauma,  oxidative 
stress,  ischemia  (144),  and  lack  of  growth  factors  (105), 
we  believe  it  is  reasonable  to  assume  that  the  process  of 
PCD  would  continue  in  the  developing  transplanted 
tissue,  as  it  would  during  normal  development.  Like¬ 
wise,  the  function  of  PCD  in  developing  VM  transplants 
would  be  to  eliminate  cells  that  are  not  able  to  integrate 
in  the  developing  nervous  system,  because  these  cells 
are  possibly  unhealthy  or  maladapted. 

The  extent  of  PCD  in  transplanted  fetal  substantia 
nigra  is  probably  more  severe  than  during  ordinary 
development,  since  there  will  be  greater  competition  for 
fewer  neurotrophic  factors.  Moreover,  not  all  of  the  cells 
in  the  fetal  VM  are  dopaminergic  and  therefore  may  not 
respond  to  the  same  trophic  factors  or  those  available  in 
atypical  or  ectopic  targets  (17,  64).  The  time  course  of 
neuronal  cell  death  in  nigral  transplants  has  been 
studied  by  Barker  et  al  (5).  They  showed  that  the 
majority  of  DA  neurons  die  during  the  first  7  days  after 
transplantation.  The  survival  rate  of  DA  neurons  is 
higher  in  three-dimensional  in  vitro  cultures  (with  the 
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same  dimensions  as  an  in  vivo  graft  made  out  of 
identical  cell  suspensions),  indicating  that  features  in 
the  tissue  environment  surrounding  a  graft  are  unfavor¬ 
able  to  the  DA  neurons. 

Interestingly,  Zawada  et  al  (145)  showed  that  growth 
factors  (GDNF,  IGFl,  and  FGF2)  reduce  apoptosis  in 
VM  grafts  and  thus  increase  dopaminergic  neuron 
survival.  The  growth  factors  appear  most  effective  the 
first  24  h  after  grafting,  since  cell  death  after  the  first 
week  was  proportional  to  the  number  of  cells  surviving 
at  the  first  day;  49%  versus  32%  at  24  h  and  26%  versus 
16%  dopaminergic  neuron  survival  at  7  days  after 
grafting  in  trophic  factor-treated  and  control  animals, 
respectively  (see  Fig.  1).  The  number  of  apoptotic  cells 
was  five  times  greater  in  1 -day-old  grafts  compared  to 
7-day-old  grafts  in  both  groups,  as  assessed  by  TUNEL 
technique,  indicating  that  most  apoptosis  occurs  shortly 
after  transplantation.  Since  only  0.5-10%  of  the  origi¬ 
nally  transplanted  neurons  survive  after  approxi¬ 
mately  3  months  (9,  12—14)  and  16%  of  dopaminergic 
cells  survive  after  1  week,  it  seems  that  most  cell  death 
takes  place  in  the  first  week  after  transplantation  (see 
Fig.  1).  Mahalik  et  al.  observed  many  apoptotic  cells  in 
2- week-old  fetal  mesencephalic  grafts  and  very  few 
apoptotic  cells  in  4-week-old  grafts  (86).  However, 
many  questions  remain.  For  example,  will  the  rescue  of 
dopaminergic  neurons  from  apoptotic  death  by  trophic 
factors  in  the  first  week  of  graft  development  (145) 
endure?  Is  apoptosis  in  the  first  2  weeks  of  graft 
development  fully  responsible  for  the  final  number  of 
surviving  neurons? 

Most  likely,  neuronal  death  in  fetal  VM  transplants 
can  occur  by  both  necrosis  and  apoptosis  since  both 
mechanisms  were  observed  in  developing  grafts  (1,  23, 
43,  86,  145).  Previously  it  was  believed  that  the  major 
mechanism  of  cell  death  in  developing  grafts  was 
necrosis  (1,  23).  Although  neural  transplants  may 
exhibit  characteristics  of  both  necrosis  and  apoptosis, 
one  process  may  dominate  (1,  23,  86,  145).  Recent 
studies  have  demonstrated  a  continuum  between  apop¬ 
tosis  and  necrosis  (36,  109,  121).  They  show  that  the 
same  type  of  stimulus  can  lead  to  either  apoptosis  or 
necrosis,  depending  on  the  concentration  of  the  toxic 
agent,  such  as  glutamate  receptor  agonists  (35,  109). 
Low  concentrations  induce  apoptosis;  high  concentra¬ 
tions  induce  necrosis.  Of  note,  Bcl-2  is  able  to  block  both 
apoptosis  and  necrosis,  suggesting  that  some  events 
underlying  apoptosis  and  necrosis  may  be  similar  (119). 

STRATEGIES  TO  DECREASE  CELL  DEATH  IN  FETAL 
NEURONAL  TRANSPLANTS 

Cell  Preparation  Techniques  in  Transplantation 

Paradigms 

The  first  fetal  nigral  grafts  were  implanted  as  solid 
pieces  into  adult  rats  with  DA  loss  of  the  striatum  (10) 


FIG.  1.  An  estimated  in  vivo  dopaminergic  neuronal  survival 
rate  in  ventral  mesencephalic  (VM)  grafts  placed  in  the  adult  rat 
brain  from  several  independent  research  groups.  Notably,  there  is 
considerable  (up  to  99%)  cell  death  associated  with  the  transplanta¬ 
tion  paradigms.  Since  approximately  50%  of  neurons  die  during 
normal  development,  it  seems  reasonable  that  optimization  of  neuro¬ 
nal  survival  in  fetal  transplants  is  possible.  Based  on  data  from 
Zawada  et  al.  (145),  major  cell  loss  occurs  during  the  first  days  after 
transplantation  (26%  survival  after  day  1).  At  7  days,  this  value  had 
decreased  to  16%  in  that  study.  Survival  rates  at  4—5  weeks  vary 
considerably  (1.5  to  7%)  (98,  112).  At  longer  survival  times,  the 
percentage  survival  ranges  between  circa  0.5  and  10%  (8,  9,  13,  14). 
In  similar  fetal  ventral  mesencephalic  cell  preparations  treated  with 
trophic  factors  (GDNF,  FGF2),  the  survival  rates  are  higher.  Zawada 
et  al.  (145)  found  a  49%  survival  of  TH+  neurons  1  day  after 
transplantation  with  a  combination  treatment  of  GDNF,  IGFl,  and 
FGF2.  These  grafts  displayed  a  32%  survival  at  7  days.  Estimates 
from  studies  at  4  weeks  by  Rosenblad  et  al.  (112)  indicated  a  2-fold 
increase  in  DA  survival  of  cell  suspension  grafts  in  the  presence  of 
GDNF  (although  the  total  percentage  survival  was  lower  than  in 
previously  cited  studies).  In  VM  solid  tissue  grafts,  Granholm  et  al. 
(47)  also  found  a  2.6-fold  increase  in  cell  survival  at  6  weeks  after 
transplantation  with  GDNF  treatment  compared  to  untreated  tissue, 
which  would  suggest  an  18%  survival  of  TH+  neurons  based  on  the 
estimated  7%  survival  rate  of  TH+  neurons  in  similar  untreated  solid 
VM  tissue  grafts  after  10  weeks  according  to  Haque  et  al.  (52). 

or  as  tissue  pieces  in  the  ventricle  adjacent  to  the 
caudate  nucleus  (107).  Subsequently,  methodology  for 
transplantation  of  dissociated  cell  suspensions  of  fetal 
VM  was  developed,  providing  many  alternative  tech¬ 
niques  for  preparing  the  tissue  prior  to  transplantation 
(37).  Many  basic  variables  such  as  gestational  age, 
dissection  procedures,  and  dissociation  media  can  infiu- 
ence  the  viability  of  the  grafted  neurons.  For  example, 
variations  in  proteolytic  enzymes  such  as  trypsin,  use 
of  DNase,  and  amount  of  trituration  can  influence  the 
outcome.  Barker  et  al.  (6)  demonstrated  that  optimal 
neuron  survival  scores  were  obtained  in  VM  tissue  from 
rat  embryonic  day  13  and  14  (E13-E14)  fetuses  when 
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incubated  in  purified  0.1%  trypsin  solution  for  60  min 
and  triturated  using  a  fire-polished  Pasteur  pipette.  We 
estimate  that  the  survival  rate  of  tyrosine  hydroxylase 
‘  positive  (TH-I-)  neurons  in  their  studies  ranged  from 
approximately  2.3  to  18%  in  4-month-old  grafts  depend¬ 
ing  on  which  brands,  concentrations,  and  incubation 
times  of  trypsin  were  used  (6).  As  far  as  surgical 
procedures  infiuence  outcome,  the  micrografting  tech¬ 
nique  is  one  of  the  most  recent  modifications  of  experi¬ 
mental  CNS  transplantation  techniques.  This  tech¬ 
nique  allows  precise  and  reproducible  injection  of  VM 
cell  suspensions  at  single  or  multiple  sites  with  mini¬ 
mal  trauma,  which  5T.elds  improved  graft  survival  and 
integration  of  the  grafted  neurons  (101, 102). 

Trophic  Factors 

Since  with  current  neurotransplantation  procedures 
only  0.5-10%  of  transplanted  fetal  neurons  survive  (9, 
12-14),  it  is  of  interest  to  enhance  this  fraction  of  living 
cells.  For  practical  purposes,  current  transplant  proto¬ 
cols  for  PD  patients  require  as  many  as  10-15  fetuses  to 
obtain  a  set  of  transplantable  VMs  to  provide  a  suffi¬ 
cient  number  of  DA  cells  to  help  the  patient  (9,  13). 
Neurotrophic  factors  are  able  to  promote  the  survival  of 
DA  neurons  (see  Fig.  2).  For  example,  pretreating  VM 
neurons  with  basic  fibroblast  growth  factor  (FGF2) 
followed  by  repeated  FGF2  intrastriatal  injections  in¬ 
creases  the  survival  of  TH-I-  neurons  100%  (90).  In 
addition,  cografting  of  FGF2-transfected  fibroblasts 
together  with  fetal  dopamine  cells  causes  augmented 
survival  and  fiber  outgrowth  of  transplanted  DA  cells 
(124).  Infusions  of  brain-derived  neurotrophic  factor 
(BDNF)  in  VM  grafts  produce  enhanced  striatal  DA 
innervation  of  the  host  (143).  Intrastriatal  infusions  of 
glial  cell  line-derived  neurotrophic  factor  (GDNF)  dose- 
dependently  enhance  DA  cell  survival  and  fiber  out¬ 
growth  from  VM  grafts  (120).  Granholm  et  al.  (47) 
showed  increased  size  of  transplanted  VM  tissue  pieces, 
dopaminergic  cells,  and  fiber  outgrowth  after  pretreat¬ 
ing  VM  tissue  GDNF.  Furthermore,  Rosenblad  et  al. 
(112)  showed  that  infusions  of  GDNF  adjacent  to 
intrastriatal  VM  grafts  improve  TH-I-  neuron  survival 
and  TH+  fiber  outgrowth.  Sautter  et  al  (116)  showed 
that  genetically  modified  GDNF-releasing  capsules  im¬ 
planted  near  intrastriatal  dopaminergic  cell  grafts 
show  increased  DA  neuron  survival  and  fiber  growth 
toward  the  trophic  factor-releasing  capsule.  As  men¬ 
tioned  previously,  Zawada  et  al.  (145)  demonstrated 
that  GDNF,  IGFl,  and  FGF2  prevent  apoptosis  in 
mesencephalic  grafts.  The  most  substantial  effects  are 
seen  in  grafts  that  are  treated  continuously  with  tro¬ 
phic  factors  after  transplantation  (20,  30,  90, 113,  116, 
124,  143).  Trophic  factors  cannot  be  given  systemati¬ 
cally  because  of  the  near  impermeable  blood-brain 
barrier  (BBB).  Infusions  of  trophic  factors  can,  how¬ 
ever,  be  made  directly  into  the  CNS  area  of  transplanta¬ 


tion  (90, 143).  To  overcome  the  BBB,  trophic  factors  can 
be  conjugated  with  antibodies  against  the  transferrin 
receptor,  cross  the  BBB,  and  result  in  increased  graft 
survival  (2,  3,  41,  46).  Such  transferrin  receptor  anti- 
body-based  delivery  systems  may  also  be  useful  in 
transporting  other  large  molecules,  such  as  pharmaco¬ 
logical  caspase  inhibitors. 

Another  way  of  providing  trophic  factors  to  fetal 
neural  grafts  is  by  cotransplantation  of  genetically 
modified  cells  to  produce  increased  graft  survival  (20, 
30, 116, 124).  Analogous  to  trophic  factor  enhancement 
is  cografting  of  fetal  cells  with  their  fetal  target  tissue. 
In  cografting  of  VM  and  striatum  (LGE),  a  denser 
innervation  area  in  the  striatum  of  the  host  brain  can 
be  seen  compared  to  VM  cells  alone  (15).  Yurek  et  al. 
also  found  larger  TH-I-  cell  bodies  and  more  fibers  in  the 
VM/LGE  cografts  implanted  into  the  striatum  of  rats 
with  unilateral  6-OHDA  lesions  (142).  Such  cotrans¬ 
plants  increased  function,  cell  survival,  and  reinnerva¬ 
tion  of  the  lesioned  adult  striatum  (27).  BDNF- 
producing  E18  striatal  astrocytes  cotransplanted  with 
fetal  VM  tissue  also  promoted  the  survival  of  dopamin¬ 
ergic  neurons  in  the  denervated  striatum.  However, 
postnatal  day  0  (PO)  striatal  BDNF-secreting  astro¬ 
cytes  transplanted  together  with  fetal  nigral  cells  im¬ 
paired  graft  survival.  BDNF  was  not  able  to  overcome 
the  influence  of  the  astrocytes’  age  on  cell  survival  (74). 
As  a  corollary,  cotransplantation  of  human  NGF- 
producing  fibroblasts  and  adrenal  chromaffin  cells  in 
the  striatum  of  hemiparkinsonian  rats  increased  long¬ 
term  functional  survival  (29). 

Overall,  the  observations  that  a  significant  propor¬ 
tion  of  transplanted  neurons  die  by  PCD  are  consistent 
with  the  neimotrophic  theory,  which  states  that  develop¬ 
ing  neurons  are  initially  overproduced  and  then  com¬ 
pete  for  limited  amounts  of  target-derived  survival- 
promoting  factors  as  to  prevent  their  death  (17,  63,  64, 
81, 105). 

Lazaroids,  Antioxidants,  cAMP,  Ascorbic  Acid, 

and  Calcium  Blockers 

Lazaroids  are  21-amino  steroids  with  antioxidant 
activity,  which  inhibit  free  radical  generation  and  lipid 
peroxidation.  Treating  VM  cell  cultures  with  lazaroids 
U-74389G  and  U-83836E  enhanced  the  survival  of 
TH-f  neurons  (44).  Moreover,  identical  lazaroids  pro¬ 
longed  cell  viability  in  dissociated  fetal  VM  cell  suspen¬ 
sions  prior  to  grafting  £ind  increased  the  survival  of 
dopaminergic  neurons  2.6-fold  following  transplanta¬ 
tion  (97).  Utilizing  lazaroid  U-83836E  in  medium  at 
4°C  for  8  days  in  fetal  VM  tissue  before  culturing  and 
striatal  transplantation  enhances  the  survival  of  dopa¬ 
minergic  neurons  compared  to  untreated  control  VM 
tissue  (50).  U-83836E,  used  at  a  very  low  concentration, 
protected  against  oxidative  stress  in  cultured  corticd 
neurons  exposed  to  beta-amyloid  toxicity  (84).  In  addi- 


t  increase  TH+  neuron  survival  in  fetal  mesencephalic  grafts,  (a)  Grafts  pretreated  with  trophic  factors 

tefore  transplantation  anci^or  after  grafting  show  increased  dopaminergic  neuron  survival.  Cografting  of  neurons  with  their  target  increases 
^flft«  presumably  by  target-derived  trophic  factors,  (b)  Treatment  with  lazaroid  and  other  antioxidants  increased  neuron  survival  in 

SoDtost  TheT  ffomrb  ®’i?'°”Ki  ®  overexpressing  Bcl2  may  increase  survival  since  Bcl2  plays  an  important  role  in  preventing 

keen^X  In  t  !  ^  Preventing  activation  of  caspase-3,  one  of  the  most  effective  executioners  of  apoptosis.  BclXL 

keeps  the  apoptotic  Apaf-1  (apoptosis  protease  activating  factor)/pro-caspase-3  complex  inactively  bound  to  the  mitochondrion  and  Bcl2 
prevents  permeability  from  cytochrome  c  (presumed,  Apaf-2)  of  the  mitochondrion  so  that  its  binding  to  Apaf-l/pro-caspase-3  is  preventedlnd 
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fion,  U-83836E  is  neuroprotective  to  glutathione- 
depleted  embryonic  mesencephalic  neurons  (48)  and 
prevented  their  death  induced  by  congeners  of  nitrogen 
'  monoxide  (49).  Tirilazad  mesylate,  the  single  lazaroid 
approved  for  human  use,  has  been  found  to  improve  the 
survival  of  both  rat  and  human  fetal  VM  cells  in  vitro 
(106). 

In  experiments  in  which  neurons  were  taken  from 
either  transgenic  mice  overexpressing  superoxide  dis- 
mutase  (SOD)  (98)  or  adenovirus  modified  to  overex¬ 
press  SOD  (4),  similar  survival  effects  to  those  observed 
in  the  lazaroid  experiments  were  observed.  Grafting  of 
tissue  derived  from  the  SOD  transgenics  resulted  in 
improved  cell  viability  prior  to  grafting  and  a  fourfold 
increase  in  TH-l-  neuronal  survival  following  transplan¬ 
tation  (98).  However,  the  adenovirus-modified  SOD- 
expressing  grafts  failed  to  show  significant  increase  in 
dopaminergic  neuron  survival,  although  a  trend  was 
seen  (4). 

Dibutyryl  cyclic  AMP  (dbcAMP),  a  cell  membrane- 
permeable  analogue  of  cyclic  AMP  (cAMP),  attenuates 
apoptotic  death  and  promotes  maturation  of  cultured 
TH-l  mesencephalic  dopaminergic  neurons  (54,  93). 
dbcAMP  was  most  effective  when  added  immediately 
after  cell  plating,  but  delayed  treatment  also  prevented 
degenerative  processes  (93).  These  results  suggest  that 
additional  factors  can  be  tailored  for  neuroprotective 
effects;  for  example,  the  suiwival-promoting  action  of 
GDNF  on  DA  neurons  appears  to  require  activation  of 
cAMP-dependent  signaling  pathways  (40). 

Pharmacological  Inhibition  of  Caspases 

A  powerful  strategy  to  decrease  cell  death  in  dissoci¬ 
ated  cell  suspension  or  dissected  tissue  pieces  would  be 
treatment  with  caspase  inhibitors  prior  to  transplant¬ 
ing  these  fetal  cells  into  the  host  brain  (see  Fig.  2). 
There  are  several  potent  caspase  inhibitors  available 
and  we  will  first  describe  a  few  current  examples  of  how 
they  have  been  applied  to  neural  cells  in  preventing 
apoptosis.  There  are  several  examples  of  induction  of 
caspase(s)  during  apoptosis  in  neurons  in  vitro  and  in 
vivo. 

Intracerebroventricular  (icv)  administration  of  an 
irreversible  ICE/caspase-1  inhibitor,  z-VAD-DCB,  mark¬ 
edly  reduces  brain  damage  after  focal  cerebral  ischemia 
in  the  rat  (83).  Yakovlev  et  al.  found  that  caspase-3-like 
proteases  are  activated  after  traumatic  brain  injury  in 
rats  and  demonstrated  that  blockade  of  these  caspases 


by  inducing  z-DEVD-fmk  (a  relatively  specific  inhibitor 
of  caspase-3)  icv  before  and  after  injury  markedly 
reduced  posttraumatic  apoptosis  as  shown  by  DNA 
electrophoresis,  TUNEL  staining,  and  improved  neuro¬ 
logical  recovery  (137).  Haviv  et  al.  (55)  studied  apopto¬ 
sis  in  neuronal  PC  12  cells  deprived  of  trophic  factor  and 
found  that  caspase-3  or  caspase-3-like  proteases,  but 
not  caspase-1,  are  induced  during  the  process.  Both  the 
viral  caspase  inhibitor  gene  p35  and  broad  spectrum 
caspase  inhibitor  benzyloxycarbonyl-Val-Ala-Asp-fiuo- 
romethylketone  (Z-VAD.fmk)  inhibit  the  death  of  neuro¬ 
nal  PC  12  cells  (55).  Definitive  proof  of  caspase-3  involve¬ 
ment  was  obtained  by  Northern  and  Western  blotting, 
demonstrating  that  PC12  cells  express  caspase-3  and 
that  cleavage  of  caspase-3  substrates  occurs  in  cell 
lysates  prepared  from  trophic  factor-deprived  PC12 
cells.  Consistent  with  these  findings,  a  previous  study 
had  shown  that  the  viral  apoptosis  suppressor  gene  p35 
was  neuroprotective  in  an  immortalized  mesencephalic 
cell  line  (110).  Moreover,  caspase- 1-specific  inhibitors, 
namely  Ac-Try-Val-Ala-Asp-chloromethylketone  (Y- 
VAD.CMK),  Ac-Try-Val-Ala-Asp-aldehyde,  and  crmA,  a 
cytokine  response  modifier  gene  and  a  viral  caspase 
inhibitor,  were  much  less  potent  in  inhibiting  cell  death 
(55).  Of  note,  Y-VAD.CMK  is  relatively  specific  for 
caspase-1,  but  to  a  certain  extent  also  blocks  caspase-4 
(87). 

In  the  context  of  oxidative  stress,  Du  et  al.  (36)  found 
that  exposure  of  cerebellar  granule  cells  to  low  concen¬ 
trations  of  MPP-t-  results  in  apoptosis  and  that  the 
specific  caspase-3  inhibitor  acetyl-DEVD-CHO  mark¬ 
edly  attenuates  such  apoptotic  death.  Interestingly, 
necrosis  of  sucrose-cultured  granule  neurons  occurred 
when  the  level  of  oxidative  stress  was  increased  by 
elevation  of  MPP-I-  concentrations  (36).  Moreover,  C5do- 
plasmic  extracts  from  low-dose  MPP+ -treated  cells 
contained  protease  activity  that  cleaved  acetyl-DEVD- 
p-nitroaniline,  a  caspase-3  substrate  (36).  The  more 
specific  inhibitor  of  caspase-1,  acetyl-YVAD-CHO,  was 
ineffective  against  low-dose  MPP-f  neurotoxicity  (36). 
Notably,  c5dochrome  c,  also  known  as  Apaf-2  [one  of  the 
three  apoptosis  protease-activating  factors  (57)],  was 
increased  just  before  onset  of  apoptosis  (36). 

NGF-deprived  S5mipathetic  rat  neurons  in  culture 
show  reduced  apoptosis  when  treated  with  Bocasparty- 
l(OMe)-fiuoromethylketone  (BAF),  an  inhibitor  of  both 
caspases-1  and  -3  (33).  BAF  did  not  prevent  decreased 
protein  synthesis  or  increased  expression  of  c-jun,  c-fos. 


activation  of  caspase-3  will  not  occur.  The  following  may  happen  when  a  death  stimulus  activates  the  apoptotic  pathwy.  Bax  will  displace 
BclXL  from  Apaf-l/pro-caspase-3  and  cytochrome  c  will  bind  to  Apaf-l/pro-caspase-3.  This  will  result  in  activation  of  pro-caspase-3  and 
activation  of  the  caspase  cascade  will  lead  to  cleavage  of  critical  cellular  substrates  resulting  in  dissolution  of  the  celh  The  Bcl2  family  is  able  to 
inhibit  this  process,  (d)  Pharmacological  caspase  inhibitors  obstruct  caspase  activation  and  therefore  cell  death.  Retreating  fetal  mesRce- 
phalic  grafts  with  caspase  inhibitors  may  increase  dopaminergic  neuron  survival,  (e)  Transplanting  neural  tissue  from  transgenic  knock  out 
(ko)  mice  may  also  increase  neuron  survival. 
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and  other  mRNAs  that  occur  in  the  process  of  neuronal 
apoptosis  (Tables  2A  and  2B).  This  indicates  that  the 
caspases  function  downstream  of  several  transcrip¬ 
tional  events  during  apoptosis  (33).  Addition  of  either 
NGF  or  BAF  prevented  cell  death  of  NGF-deprived 
S5Tnpathetic  neurons  at  similar  time  points  (33). 

Thus,  there  are  a  number  of  factors  to  be  determined 
for  obtaining  effective  pharmacological  caspase  inhibi¬ 
tion  for  fetal  neural  cell  transplantation.  Generally,  it  is 
useful  to  define  which  specific  caspase(s)  is  involved  in 
cell  death  of  the  specific  cell  type  transplanted  (54,  91, 
93). 

Inhibition  of  Caspases:  Gene  Deletion  in  Mice 

An  alternative  to  the  pharmacological  strategy  of 
caspase  inhibition  is  to  transplant  neural  fetal  tissue 
from  mice  lacking  genes  encoding  caspases  (see  Fig.  2). 
Many  different  mice  with  a  targeted  endogenous  gene 
disruption  for  one  of  the  caspases  have  been  developed 
over  the  past  few  years.  For  example,  ICE/caspase-1- 
deficient  mice  (76)  (Table  4)  show  no  phenotypic  abnor¬ 
malities  in  the  brain  (76).  Mice  that  express  a  dominant 
negative  mutant  of  caspase- 1  (42)  and  caspase- 1- 
deficient  mice  (117)  are  protected  against  ischemia- 
induced  brain  damage.  Thus,  in  some  cells  caspase-1 
depression  helps  prevent  apoptosis,  while  its  role  in 
PCD  in  brain  development  does  not  appear  significant 
(76).  CPP32-,  Yama-,  and  apopain/caspase-3-deficient 
mice  (77)  (Table  4)  show  deviant  brain  development  as 
a  consequence  of  decreased  developmental  apoptosis, 
indicating  that  caspase-3  plays  an  essential  role  during 
morphogenetic  cell  death  in  the  mammalian  brain.  In 
this  study,  the  entire  brain  was  larger,  and  in  such 
caspase-3-deficient  mice,  there  were  significant  h5q)er- 
plasias,  ectopic  cell  masses  (in  cortex,  cerebellum, 
striatum,  and  hippocampus),  double  brain  structures 
(in  cortex  and  optic  stalk),  and  disordered  cell  layering. 
No  apoptotic  cells  were  found  along  ventricular  walls, 
optic  stalk,  or  spinal  cord,  locations  ordinarily  packed 
with  apoptotic  cells  during  CNS  neurogenesis.  Caspase- 
3-deficient  mice  suffer  from  prematme  lethality  and 
are  not  fertile.  Surprisingly,  caspase-3-deficient  thymo¬ 
cytes  were  evenly  sensitive  to  various  apoptotic  stimuli 
compared  to  the  wild-type  (wt)  thymocytes,  indicating 
that  caspase-3  is  specifically  activated  in  the  hrain. 
Woo  et  al.  (133)  found  evidence  that  caspase-3  activa¬ 
tion  is  stimulus-  and  tissue-dependent.  Moreover, 
caspase-3  is  constitutively  expressed  in  adult  brain  and 
is  activated  after  ischemic  attacks  (99).  However,  note 
that  one  study  found  that  most  types  of  human  brain 
and  spinal  cord  neurons  had  little  or  no  caspase-3 
expression  (73). 

ICH-l/caspase-2  is  highly  expressed  during  embry¬ 
onic  days  9  and  16  in  the  brain  and  various  other 
tissues.  ICH-l/caspase-2-deficient  mice  (7)  (Table  4) 
show  no  obvious  cellular  or  histological  brain  abnormali¬ 


ties.  However,  fewer  neurons  were  found  in  the  facial 
nuclei  in  the  caspase-2-deficient  newborns  compared  to 
the  wt  mice.  At  embryonic  day  16.5  (at  a  time  when 
PCD  still  occurs),  the  facial  neuron  number  was  equal 
in  knock-out  (ko)  and  wild-type  mice,  indicating  that 
accelerated  apoptosis  had  occurred  rather  than  a  de¬ 
creased  production  of  neurons. 

Recently,  a  new  caspase  ko  mouse  has  been  intro¬ 
duced  by  Kuida  et  al.  (76),  namely  the  ICE-LAP6/Mch6 
or  caspase-9-deficient  mouse.  The  majority  of  caspase-9 
ko  mice  die  perinatally  with  a  marked  enlarged  and 
malformed  brain,  most  severe  within  the  cortex  and 
forebrain,  as  a  result  of  reduced  apoptosis  during 
development  of  the  nervous  system.  No  apparent  mal¬ 
formations  are  found  in  spinal  cord  and  other  parts  of 
the  fetal  body.  At  different  embryonic  stages  there  are 
abnormalities  in  the  brain,  generally  a  larger  prolifera¬ 
tive  zone  devoid  of  pyknotic  clusters  and  fewer  apop¬ 
totic  cells  in  both  forebrain  and  midbrain.  For  example, 
at  E16.5,  the  ko  brain  shows  an  increased  number  of 
proliferative  cells  as  well  as  protrusion  of  the  midbrain 
from  the  skull.  The  ectopic  brain  masses  are  enlarged 
and  irregular  on  the  surface.  Caspase-9—/—  mice  are 
smaller  than  control  littermates,  and  most  die  3  days 
after  birth.  Caspase-9  deficiency  prevents  caspase-3 
activation  in  fetal  mice  brains.  In  addition,  C5rtochrome 
c-mediated  cleavage  of  caspase-3  is  absent  in  the 
cytosol  of  caspase-9-deficient  cells  but  is  restored  after 
addition  of  caspase-9,  suggesting  that  caspase-9  acts 
upstream  of  caspase-3  in  certain  apoptotic  pathways 
(75).  Moreover,  these  observations  may  confirm  that 
caspase-9  is  APAF-3  in  the  proapoptotic  Apaf- 1/cyto¬ 
chrome  c  (APAF-2)  multiprotein  complex  which  acti¬ 
vates  pro-caspase-3  during  apoptotic  death  (see  Fig.  2) 
(78).  The  caspase-9-deficient  thymocytes  are  resistant 
to  a  variety  of  apoptotic  stimuli,  for  example,  anti-CD3 
plus  anti-CD28,  etoposide,  y-irradiation,  and  dexa- 
methasone  (51,  75),  but  are  equally  susceptible  to 
apoptosis  mediated  by  Fas  (75),  UV  irradiation,  and 
anti-CD95  (51)  compared  with  wt  thymocjdes.  The 
caspase-9-deficient  thymocytes’ resistance  to  some  apop¬ 
totic  stimuli  is  consistent  with  the  delayed  DNA  frag¬ 
mentation  and  absence  of  caspase-3-like  cleavage  (75). 
Caspase-9-deficient  embryonic  stem  cells  and  embry¬ 
onic  fibroblasts  are  also  resistant  to  UV  light  and 
7-irradiation,  although  C3rtochrome  c  is  translocated  in 
the  cytosol  of  caspase-9-deficient  embryonic  stem  cells 
after  UV  stimulation,  suggesting  that  caspase-9  acts 
downstream  of  C5rtochrome  c  (51).  Moreover,  caspase 
processing  is  halted  in  embryonic  stem  cells  but  not  in 
thymocytes  or  splenocytes.  These  studies  show  that  the 
requirement  for  (caspase-3  and)  caspase-9  in  apoptosis 
is  cell  type-  and  stimulus-specific,  indicating  the  exis¬ 
tence  of  multiple  apoptotic  pathways  (Table  4)  (51). 

Thus,  reducing  apoptosis  in  neural  transplantation 
may  be  possible  by  using  fetal  dopaminergic  cells  from 
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TABLE  4 

Different  Caspase-Deficient  Mice,  Their  Morphology,  Function,  and  Protection  against  Induced  Apoptosis  and  Trauma 


Mouse 
deficient  for 


Brain  morphology  Body  morphology  Altered  functions _ Induced  apoptosis/ trauma 


Caspase-1  (87) 


Caspase-2  (8) 


Caspase-3  (88) 


Caspase-9  (86) 


Caspase-11  (158) 


Normal 


Normal 


Normal,  except  for  less  motor  Excessive  germ  cells 
neurons  in  facial  nucleus  at  E  in  ovaries 
16.5 


Larger  brain  with  h3nperplasias,  Smaller,  die  at 
ectopic  cell  masses,  disorga-  1—3  weeks  of  age 

nized  cell  deployment,  double 
brain  structures,  and  less 
pyknotic  cells 


Enlarged  malformed  brain-like  Smaller,  most  die 
protrusions  of  brain  mass,  before  postnatal 

stenosis  of  ventricles,  hetero-  day  3 
topias,  invagination,  and 
interuption  of  the  telence- 
phalic  wall  with  less  pyknotic 
cells 


Normal 


Normal 


IL-ip,  ILla,  TNF-a, 
and  IL-6  production 
after  LPS  induction 


Ooc3rte  death 


PCD  in  CNS 


PCD  in  CNS 
Activation  of  caspase-3 


IL-lp  and  Il-la 
secretion  after  LPS 
induction 


Monocytes  (87)  and  mice  (90) 
resistant  to  endotoxic  agent 
LPS 

Thymocytes  sensitive  to  dexa- 
methasone  and  ionizing  radia¬ 
tion,  resistant  to  anti-Fas 
antibody  (87) 

Decreased  brain  damage  and 
faster  functional  recovery  in 
ischemic  models  (51,  65) 
Ooc5rtes  resistant  to  chemo¬ 
therapeutic  drugs  B-cells 
resistant  to  granzyme  B  and 
perforin  but  sensitive  to  sev¬ 
eral  agents®  (8),  accelerated 
cell  death  in  NGF-deprived 
sympathetic  neurons 
Thymocytes  are  sensitive  to  the 
following  stimuli®  (88) 
Lymphocytes  are  resistant  to 
anti-CD95  plus  anti-CD3,  UV, 
and  7-irradiation  (159) 
Splenocytes  are  sensitive  to  UV 
and  7-irradiation  (63) 
Embryonic  fibroblasts  are  resis¬ 
tant  to^ (159) 

Thymocytes  are  resistant  to  the 
following  stimuli:  dexametha- 
sone,  7-irradiation,  etoposide, 
and  anti-CD3  plus  anti-CD28 
(63)  and  are  sensitive  to 
a-CD95,  TNF-a,  UV,  shock, 
sorbitol  (63),  and  Fas  (86) 
Splenocytes  are  resistant  to  7-ir¬ 
radiation  and  are  sensitive  to 
UV,  sorbitol,  adriamycin,  eto¬ 
poside,  and  czs-platinum  (63) 
Embryonic  stem  cells  are  resis¬ 
tant  to  all  stimuli  used  in 
splenocytes  (63) 

Embryonic  fibroblasts  are  resis¬ 
tant  to® (159) 

Mice  resistant  to  LPS 
Fibroblasts  resistant  to 
caspase-1  overexpression 


®  Anti-Fas  antibody,  doxorubicin,  etoposide,  7-irradiation,  and  stauroporine. 

^  UV,  7-irradiation,  adriamycin,  and  etoposide. 

®  Anti-Fas  antibody,  dexamethasone,  C2-ceramide,  stauroporin,  and  7-irradiation. 


transgenic  mice  deficient  for  one  particular  caspase. 
There  are  currently  at  least  five  different  caspase  ko 
mice,  respectively  caspases-1,  -2,  -3,  -9,  and  -11  (Table 
4).  In  caspase-3  ko,  the  brain  is  predominantly  affected 
relative  to  other  body  regions  as  a  result  of  failed  neural 
apoptosis  during  CNS  development.  Although  the  brain 
abnormalities  observed  in  caspase-3  and  -9  kos  are 
strikingly  similar,  it  appears  that  caspase-9  ko  brain  is 
more  severely  affected  than  caspase- 3-deficient  brain. 


The  similarities  of  the  phenotypes  indicate  that 
caspases-3  and  -9  may  act  along  the  same  biological 
pathway  during  brain  development.  Furthermore,  it 
has  been  shown  that  caspase-9  is  an  upstream  activa¬ 
tor  of  caspase-3  (76)  and  this  may  be  why  caspase-9  ko 
brain  is  more  affected  than  caspase-3  ko  brain.  Nonethe¬ 
less,  the  other  mutant  caspase  mice  (caspases-1,  -2,  and 
-11)  have  normal  phenotypes,  indicating  a  redundant 
role  for  these  caspases  during  CNS  development.  How- 
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ever,  it  is  not  known  if  these  neurons  are  functionally 
altered.  Modifying  these  caspases  may  still  be  protec¬ 
tive  for  neurons  in  a  fetal  neural  transplant  and  may 
therefore  serve  as  alternative  donor  sources. 

The  differences  in  brain  development  and  other 
characteristics  seen  between  caspase-3  ko  and 
caspase-1,  -2,  and  -11  kos  may  be  due  to,  first,  the  fact 
that  caspase-3  and  caspases-1,  -2,  and  -11  are  function¬ 
ally  different:  respectively  “effector”  caspases 
(caspases-3,  -6,  -7,  and  -9)  and  “regulator”  caspases 
(caspases-1,  -2,  -3,  -4,  -5,  -8,  and  -10).  This  distinction  is 
based  on  the  different  lengths  of  the  caspases’  N- 
terminal  prodomains,  assuming  that  this  may  be  of 
functional  importance.  Effector  caspases  have  short 
prodomains  while  regulator  caspases  have  long  prodo¬ 
mains.  In  a  hypothetical  cascade,  the  regulator  caspases 
operate  upstream  and  the  effector  caspases  act  down¬ 
stream  to  the  cascade  cleaving  crucial  substrates  (100, 
130).  In  vitro  studies  have  demonstrated  the  existence 
of  such  a  caspase  cascade  but  to  what  extent  this  occurs 
in  vivo  is  still  unknown  (115,  122).  There  may  also  be 
tissue-specific  activation  of  caspases.  Moreover,  not  all 
caspases  may  be  involved  in  developmental  PCD,  al¬ 
though  they  could  still  play  a  role  in  nondevelopmental 
cell  death. 

There  are  other  genetically  modified  mice  with  de¬ 
creased  apoptosis  that  could  be  useful  as  donor  tissue 
for  fetal  dopaminergic  transplants,  for  example  Bcl2 
overexpressors  (see  Fig.  2)  and  JNK3  (c-Jun  amino- 
terminal  kinase)  ko  mice.  Bcl2  overexpressing  mice 
show  reduced  neuronal  loss  during  PCD,  leading  to 
hypertrophy  of  the  CNS.  Adult  mice  are  less  susceptible 
to  ischemia;  they  show  reduced  brain  infarction  after 
middle  cerebral  artery  occlusion  (89).  Additional  evi¬ 
dence  for  Bcl2’s  regulator  role  in  neuronal  development 
and  PCD  is  that  Bcl2-deficient  mice  showed  progressive 
degeneration  of  several  neurons  in  the  CNS  after  the 
physiological  PCD  period  (92).  In  SOD  mice  with 
overexpressed  Bcl2  in  their  genome,  onset  of  ALS-like 
degeneration  was  delayed  (72).  Another  enzyme  in¬ 
volved  in  stress-induced  cell  apoptosis  is  JNK3.  Adult 
JNK3-deficient  mice  are  healthy  and  fertile,  look  nor¬ 
mal,  and  show  no  apparent  abnormalities  in  different 
brain  regions  (138).  JNK3-/-  mice  are  protected 
against  glutamate  neurotoxicity  (138).  We  are  cur¬ 
rently  investigating  survival  and  axonal  growth  of  fetal 
VM  tissue  obtained  from  Bcl2  overexpressors  in  animal 
models  of  PD  (62). 

PharmcLCologiccil  Caspase  Inhibitors  and/or  Caspase 
Gene-Deficient  Tissue  Transplantation 
with  Trophic  Factors 

Pretreating  neural  grafts  with  pharmacological 
caspase  inhibitors  or  transplanting  VM  tissue  deficient 
for  a  specific  caspase  in  the  deafferented  striatum 
appears  to  increase  the  survival  of  DA  neurons  in 


transplants  (56).  However,  it  is  not  yet  known  if  the 
neurons  saved  by  inhibiting  caspases  are  unhealthy  or 
dysfunctional,  since  they  are  prevented  from  dying  in 
the  last  stages  of  the  apoptotic  pathway.  It  is  question-  ’ 
able  whether  it  is  always  beneficial  to  block  a  cell  death 
program  since  cells  may  be  already  dysfunctional  be¬ 
fore  the  caspases  are  actually  activated  and  execute 
cells.  It  might  be  beneficial  to  lose  these  unhealthy 
neurons  in  order  to  obtain  a  well-functioning  integra¬ 
tion  between  the  grafted  fetal  neurons  and  the  host 
brain.  An  example  that  may  illustrate  this  point  is  the 
neurodegenerative  disease  ataxia-telangiectasia  (AT), 
where  it  appears  that  the  lack  of  appropriate  cell  death 
mechanisms  of  damaged  neurons  can  lead  to  accumula¬ 
tion  of  dysfunctional  neurons,  which  then  degenerate 
at  a  later  stage  (60).  Thus,  it  is  conceivable  that  in  some 
situations  preventing  physiological  PCD  may  lead  to 
unforeseen  disturbances  in  normal  graft  development 
and  experiments  are  needed  to  illuminate  these  issues. 

It  has  been  shown  that  treating  fetal  mesencephalic 
transplants  with  trophic  factors  also  increases  sur¬ 
vival,  fiber  outgrowth,  and  functional  recovery  in  mod¬ 
els  with  PD  (see  above).  Adding  NGF  to  trophic  factor- 
dependent  neurons  prevents  the  neurons  from  dying  by 
blocking  a  crucial  posttranslationally  late  event  in 
neuronal  PCD  (32,  33,  38).  However,  NGF  can  only 
abort  PCD  before  the  neurons  are  irreversibly  commit¬ 
ted  to  die  (31-33).  Presumably,  the  caspases  are  acti¬ 
vated  during  the  commitment  phase  or  just  before  the 
execution  phase  of  PCD  (Tables  2Aand  2B). 

In  conclusion,  to  maximize  the  use  of  the  protective 
strategies  discussed,  it  may  therefore  be  possible  to 
combine  pharmacological  caspase  inhibitors  and  tro¬ 
phic  factors  in  neural  transplants.  The  trophic  factors 
can  prevent  neuronal  death  by  providing  a  growth 
stimulatory  effect  for  the  neurons,  while  caspase  inhibi¬ 
tors  prevent  neurons  from  reaching  the  irreversible 
biochemical  executive  point  for  a  cell  death  process  to 
occur.  This  suggests  that  combinations  of  antiapoptotic 
agents  and  trophic  factors  might  act  synergistically  in 
blocking  cell  death. 

The  current  understanding  of  neuronal  PCD  in  nor¬ 
mal  brain  development  now  includes  knowledge  of 
intricate  intracellular  cascade  mechanisms,  including 
caspases,  that  serve  in  the  larger  bioadaptive  context  to 
control  the  size  of  neuronal  brain  cell  populations.  This 
understanding  can  now  be  experimentally  advanced  in 
neurotherapeutic  efforts  to  treat  neurodegenerative 
disease  by  neural  transplantation. 
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•  Chapter  8 


Dopamine  Neuron  Grafts: 
Development  and  Molecular  Biology 

Lauren  C.  Costantini  and  Ole  Isacson 

The  introduction  of  grafting  dopaminergic  (DA)  neurons  into  rodent  host  brains 
illustrated  the  potential  of  this  technique  for  both  experimental  and  clinical  applications.^’^ 
Basic  research  utilizing  these  transplants  has  revealed  information  regarding  development 
and  connectivity  of  CNS  neurons,  while  studies  aimed  at  therapeutic  strategies  for  Parkinson  s 
disease  (PD)  have  shown  the  potential  of  this  procedure  for  “biological  replacements”, 
reconstructing  the  circuits  within  a  degenerated  brain.^  The  current  experiments  involving 
fetal  neural  grafts  provide  information  about  mechanisms  and  processes  involved  in 
phenotypic  DA  neuron  development,  and  serve  as  a  guide  to  alternative  cell  sources  for 
clinical  neural  transplantation. 

Establishment  of  Surviving  Dopamine  Neuron  Grafts 

Studies  have  demonstrated  that  embryonic  day  (E)  14  for  rodent  tissue^  and  6.5-9  weeks 
post-conception  for  human  tissue^  are  the  optimal  ages  of  ventral  mesencephalic  (VM) 
donor  tissue  for  DA  neuronal  survival  and  functional  effects  when  transplanted  into  the 
DA-denervated  striatum.  The  minimum  number  of  surviving  transplanted  DA  neurons 
required  for  functional  effects  to  be  revealed  in  animal  models  is  approximately  100-200.^ 
Since  only  10%  of  the  transplanted  VM  cells  are  DA,  and  only  1-10%  of  these  DA  neurons 
survive,^'^  as  many  as  10- 1 5  fetal  VM  per  patient  may  be  required  for  sufficient  survival  and 
reinnervation.^^  Strategies  to  improve  the  survival  of  the  DA  neurons  within  these 
grafts  are  being  considered,  including  treatment  with  growth  factors,  antioxidants, 
cotransplantation,  and  modified  implantation  procedures. 

Enhancing  Cell  Survival  with  Growth  Factors  and  Target  Tissue 

Methods  to  sustain  the  development  and  function  of  embryonic  VM  DA  cells  after 
transplantation  into  DA-depleted  striatum  are  currently  under  investigation.  Elements  which 
are  crucial  for  the  maturation  and  connectivity  of  neurons  during  normal  development  of 
the  brain  may  also  play  a  role  in  the  development  and  integration  of  grafted  embryonic 
tissue.  Based  upon  the  observations  that  several  neurotrophic  factors  affect  the  innervation 
of  targets  and  the  survival  of  neurons  during  development,  administration  of  these  factors 
along  with  transplanted  “developing”  fetal  DA  neurons  has  been  examined.  Among  the 
trophic  factors  that  can  enhance  development  of  DA  neurons  after  grafting  into  rodent  are 
brain-derived  neurotrophic  factor,^ basic  fibroblast  growth  factor,^^  and  glial  cell 
line-derived  neurotrophic  factor.  Technical  strategies  have  included  exposure  of  the  fetal 
cells  to  neurotrophic  factors  prior  to  transplantation^ or  by  administration  after 
transplantation.  ^ 
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The  target-derived  neurotrophic  factor  hypothesis  predicts  the  presence  of  DA- trophic  , 
activity  in  striatal  tissue,  and  several  studies  support  this  hypothesis.  Based  on  in  vitro  and 
in  vivo  observations  of  the  enhancing  effects  of  striatal  tissue  on  nigral  DA  cell  development 
and  survival, we  have  demonstrated  that  inclusion  of  embryonic  striatal  cells, specifi¬ 
cally  from  the  lateral  ganglionic  eminence,  enhanced  the  survival  of  DA  neurons  in  VM 
transplants,  and  also  required  the  transplantation  of  fewer  nigral  cells  to  produce  a  marked 
behavioral  effect. 

Protecting  Transplanted  Cells  with  Antioxidants 

The  poor  survival  of  DA  neurons  after  transplantation  may  be  caused  by  damage  to  the 
VM  tissue  during  preparation,  or  via  cell  death  after  transplantation  such  as  that  seen  dur¬ 
ing  development.^^  A  large  proportion  of  DA  cell  death  occurs  during  the  first  two  weeks 
after  transplantation  due  to  these  factors,  and/or  due  to  suboptimal  conditions  in  the  host 
brain  during  the  early  phases  after  transplantation.^^  One  hypothesis  for  the  mechanism  of 
this  acute  cell  death  is  formation  of  free  radicals  during  the  process  of  dissociation.  This  is 
supported  by  evidence  that  VM  from  transgenic  mice  overexpressing  Cu/Zn  superoxide 
dismutase,  the  major  free  radical  scavenging  enzyme,  produces  transplants  with  four-fold 
greater  survival  of  DA  neurons  and  more  extensive  functional  recovery.  Treatment  of 
transplanted  cells  with  antioxidants  increased  the  yield  of  surviving  DA  neurons,  which 
correlated  with  an  earlier  onset  of  graft-induced  functional  effects. These  findings  have 
recently  been  taken  into  the  clinical  setting:  One  inhibitor  of  lipid  peroxidation,  tirilazad, 
has  been  included  in  the  solutions  for  storage  and  preparation  of  donor  tissue  in  the  clinic; 
in  addition,  the  patients  are  treated  with  this  lazaroid  for  72  hours  after  transplantation.^^ 

Utilizing  Medial  VM  for  Dopamine  Grafts 

Since  several  studies  investigating  optimal  donor  age  have  concluded  that  E13/14  (rat) 
yields  most  successful  transplants,^^  other  issues  seem  critical.  The  selection  of  the  most 
appropriate  region  for  dissection  is  therefore  of  great  importance.  Presently,  the  embryonic 
dissections  utilized  for  transplantation  typically  contain  2-10%  DA  neurons  while  the 
remainder  are  of  other  neuronal  phenotypes,  such  as  GABAergic.^’^^  Other  neurons  within 
a  developing  transplant  may  hinder  the  survival  and  growth  of  the  small  proportion  of  DA 
neurons,  since  neurons  compete  for  the  limited  supplies  of  trophic  support  for  survival 
during  development. Therefore,  obtaining  an  initially  enriched  suspension  of  DA  neurons 
may  enhance  the  development  of  the  transplants. 

Cells  generated  from  the  ventricular  zone  at  Ell  migrate  ventrally  and  then  move 
laterally  to  form  the  substantia  nigra  pars  compacta  (SNc)  and  ventral  tegmental  area. 
Tyrosine  hydroxylase  (TH;  a  synthetic  enzyme  involved  in  production  of  DA)  immuno- 
reactivity  can  be  detected  at  E12.5  in  the  medio-basal  region  of  the  mesencephalon.  By  E14, 
TH^  cells  are  located  laterally  along  the  ventral  surface  to  form  the  primordia  of  the 
In  order  to  enhance  the  relative  proportion  of  DA  neurons,  we  compared  numbers  of  DA 
neurons  from  tissue  dissected  from  the  medial  portion  of  the  VM  versus  the  lateral  VM 
(Fig.  8. 1 ).  A  higher  proportion  of  TH^  neurons  were  observed  in  primary  cultures  of  medial 
VM  when  compared  with  lateral  or  whole  VM.^^  Evaluation  of  E16  solid  VM  transplants 
revealed  a  larger  number  of  surviving  TH^  cells  in  grafts  from  medial  region  of  VM  compared 
to  lateral  VM.*^"* 

This  higher  proportion  of  DA  neurons  in  medial  VM  can  be  attributed  to  the  presence 
of  a  higher  number  of  DA  neurons  in  the  medial  region  of  the  VM  at  El 4.  Alternatively,  the 
higher  proportion  of  TH"''  neurons  in  medial  VM  may  represent  enhanced  survival  of  DA 
neurons  in  medial  VM.  Dopamine  neurons  are  responsive  to  a  variety  of  trophic  factors 
such  as  GDNF,^^  bFGF,^^  TGF,^^  and  EDNE'"^®  A  more  pure  population  of  DA  neurons  present 


Fig  8.L  Dissection  of  E14  medial  and  lateral  ventral  mesencephalon  (VM).  Dashed  lines 
through  cartoon  of  entire  brain  show  dissection  of  VM;  dashed  lines  in  enlarged  VM  region 
show  differential  dissection  of  medial  VM  (MVM)  and  lateral  VM  (LVM).  Reprinted  with 
permission  from  Neuroreport  1997;  8:2253-2257,  ©Rapid  Sciences. 

in  medial  VM  may  yield  less  competition  from  other  cell  types  for  trophic  factors,  and  thus 
enhance  the  survival  of  the  relatively  small  proportion  of  DA  neurons  present,  since  receptors 
for  some  growth  factors  have  been  detected  throughout  the  SN.^^  If  this  is  the  case,  the 
development  of  DA  neurons  after  transplantation  would  be  hindered  by  the  presence  of 
other  cells.  This  hypothesis  is  consistent  with  findings  in  nigro-striatal  cotransplantation 
studies:  When  equal  numbers  of  nigral  and  striatal  cells  are  cotransplanted,  enhanced  DA 
cell  survival  is  obtained.  ^  ^  However,  low  DA  cell  survival  results  when  a  relatively  low  number 


126 


The  Development  of  Dopaminergic  Neurons^ 


of  embryonic  striatal  cells  are  cotransplanted,  possibly  due  to  competition  among  the  DA 
neurons  for  the  limited  amount  of  trophic  support  provided  by  the  cotransplanted  striatal 
cells. 

In  addition  to  a  higher  proportion  of  TH'*^  neurons  in  medial  dissections  of  VM,  we 
also  found  that  a  higher  proportion  of  these  DA  neurons  expressed  aldehyde  dehydroge¬ 
nase  (AHD),  a  retinoic  acid-generating  enzyme.^^’^^  Dopamine  neurons  of  the  midbrain 
can  be  divided  into  subpopulations  based  upon  expression  of  neuropeptides  and  enzymes, 
and  AHD  is  expressed  in  this  subpopulation  of  DA  neurons  early  in  development,^  shortly 

after  the  appearance  of  The  retinoid-synthesizing  actions  of  AHD  may  play  a  role 

in  development  of  DA  neurons:  Mice  deficient  in  the  nuclear  receptor  Nurr-1,  which 
promotes  signaling  through  heterodimerization  with  a  9-cis-retinoic  acid  receptor,^^  failed 
to  produce  midbrain  DA  neurons.^^  In  addition,  there  is  a  prevalence  of  AHD-containing 
neurons  among  the  SNc  DA  population  which  project  to  the  dorsal-lateral  and  rostral  regions 
of  the  striatum,  previously  shown  to  be  regions  involved  in  functional  recovery  after  grafting 
of  VM  tissue  (see  below:  Regional  and  phenotypic  specification  of  dopamine  neurons). 

Inducing  Stem  Cells  and  Other  Progenitor  Cells 

The  quest  for  an  unlimited  cell  source  for  DA  transplantation  has  yielded  not  only 
a  wide  array  of  potential  cells  for  this  use,  but  also  has  provided  information  on  the  develop¬ 
ment  of  DA  phenotypes.  Totipotent  stem  cells,  adrenal  medulla  and  peripheral  nerve 
cotransplants,  carotid  body  cell  aggregates,  testis-derived  sertoli  cells,  and  cells  obtained 
from  transgenic  animals  are  currently  being  analyzed  both  for  future  clinical  use  and  for 
probing  developmental  questions. 

Pluripotent  cells,  used  both  in  studies  of  neural  differentiation  and  as  future  therapeutic 
tools,  consist  of  growth  factor-expanded  neural  progenitors,  immortalized  cell  lines, 
embryonal  carcinoma  cells,  and  embryonic  stem  cells.  Growth  factor-expanded  cells  have 
been  transplanted  into  the  adult  brain,  forming  small  grafts  which  exhibit  some  migration 
of  cells  away  from  the  implantation  site.^^  '*®  After  growth-factor  expanded  stem  cells  isolated 
from  developing  CS  were  transplanted  into  adult  striatum,  Svendsen  et  al  observed  low  cell 
survival  within  small  grafts,  with  few  differentiated  cells  expressing  neuronal  markers."^^ 
Immortalized  cell  lines  also  exhibit  a  capacity  to  differentiate  into  a  number  of  region-specific 
neuronal  morphologies  when  transplanted  into  brain  (for  review,  see  ref.  49).  The 
transplantation  of  these  cells  into  neonatal  brain  resulted  in  differentiation  into  neurons 
and  glia  with  region-specific  morphology. However,  when  transplanted  into  adult  brain, 
Lundberg  et  al  observed  that  the  plasticity  of  immortalized  cells  (generated  from  embryonic 
striatum  or  hippocampus)  was  more  restricted:  A  majority  of  these  cells  differentiated  into 
glia  in  the  adult  environment.^'*  Embryonic  carcinoma  cell  lines  can  differentiate  into 
terminal,  nonproliferating  neural  phenotypes  after  pretreatment  with  retinoic  acid  and 
subsequent  intracerebral  transplantation,  and  in  some  cases  produce  TH'^  cells.^^'^^ 
Kleppner  et  al^^  observed  differentiated  neuron-like  cells  which  exhibited  different  patterns 
of  innervation  into  the  host  brain  depending  on  the  region  of  the  mouse  brain  in  which 
they  were  implanted. 

Our  laboratory  has  utilized  transplantation  as  a  means  to  investigate  DA  neuron 
development:  We  tested  the  potential  of  blastocyst-derived  embryonic  stem  (ES)  cells  to 
differentiate  into  DA  neurons.^^  These  totipotent  cells  were  transplanted  into  adult  mouse 
striatum  and  adult  DA-lesioned  striatum.  The  grafts  developed  large  numbers  of  cells 
exhibiting  neuronal  morphology  and  immunoreactivity  for  neurofilament,  neuron  specific 
enolase,  TH,  and  5-hydroxytryptamine  (Fig.  8.2).  Though  graft  size  and  histology  were 
variable,  typical  grafts  of  5-10  mm^  contained  10-20,000  TH'^  neurons,  whereas 
dopamine- p-hydroxylase'*’  cells  were  rare.  Most  grafts  also  included  non-neuronal  regions. 
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Fig.  8.2.  Phenotype  ofblastoq^st-derived  embryonic  stem  cells  after  transplantation  to  rat  striatum. 
The  grafts  develop  large  numbers  of  cells  exhibiting  neuronal  morphology  and  immunoreactivity 
forTHandS-hydroxytryptamine  (5HT).Dopamine-p-hydroxylase^  cells  are  rare.  Scale  bar, 
200jim.  Reprinted  with  permission  fromExperimental  Neurology  1998;  149:28-41, 
©Academic  Press. 


immunoreactive  for  glial  fibrillary  acidic  protein.  Both  monoaminergic  neuronal  ceU  types 
extended  axons  into  the  graft  and  into  the  surrounding  host  brain:  TH^  graft  axons  grew 
preferentially  into  gray  matter  of  the  DA-denervated  rat  striatum,  as  is  typical  of  endog¬ 
enous  striatal  DA  innervation.  This  specific  innervation  pattern  has  also  been  observed  for 
DA  axons  growing  into  the  host  striatum  from  fetal  ventral  mesencephalic  grafts,  but  is  not 
exhibited  by  non-DA  fibers  from  the  same  grafts,^^’^*  nor  by  axons  from  fetal  cortical  or 
striatal  grafts  to  adult  striatum.^^  In  contrast,  S-HT"^  axons  from  ES  cell  grafts  extended 
equally  into  white  and  gray  matter  regions  of  the  host  striatum.  Thus,  the  difference  between 
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growth  patterns  of  and  5-HT'^  axons  reflects  characteristics  that  are  typical  of  these  ^ 
mature  CNS  ceil  types. 

In  contrast  to  results  with  other  cell  lines,  the  ES  cells  in  our  study  did  not  seem  to  be 
dependent  upon  the  site  of  transplantation  for  differentiation  into  neurons:  We  transplanted 
ES  cells  into  mouse  kidney  capsule  to  determine  the  influence  that  brain-specific  environment 
may  have  on  the  differentiation  of  these  totipotent  cells.  Kidney  capsule  grafts  also  developed 
large  numbers  of  ceils  exhibiting  neuronal  morphology  and  immunoreactivity  for 
neurofilament,  neuron  specific  enolase,  TH,  5-HT,  and  glial  fibrillary  acidic  protein.  Neural 
induction  regardless  of  transplant  site  in  our  paradigm  is  consistent  with  recent  evidence 
suggesting  that  neuralization  is  a  default  pathway,  and  occurs  spontaneously  if  pregastrula 
cells  do  not  receive  other  inducing  signals  to  form  epidermal,  mesodermal,  or  endodermal 
cells.^^  This  was  first  suggested  by  experiments  showing  that  cells  of  the  early  gastrula 
ectodermal  animal  cap,  that  normally  develop  into  epidermal  tissue,  all  form  neural  tissue  if 
dissociated.^^  Bone  morphogenic  protein  (BMP-4)  and  activin  have  been  implicated  as  the 
major  inducers  of  epidermal  differentiation  during  gastrulation.  Ectopic  application  of 
BMP-4  is  sufficient  to  induce  epiderm  formation  in  dissociated  animal  pole  cap  cells,^^  and 
homozygous  knockout  mice  lacking  functional  BMP  receptor  (BMPRl )  die  in  gastrulation,^^ 
a  time  when  epidermis  would  otherwise  form.  Also,  antagonists  of  BMP-4  or  activin  signaling, 
such  as  noggin,  foUistatin,  and  chordin,  which  are  produced  in  the  Spemann  organizer  region, 
can  induce  the  ectopic  formation  of  neural  tissue.^^'^®  Thus,  any  manipulation  that  disrupts 
these  epidermis-inducing  signals  results  in  neural  differentiation.  In  our  experiments, 
transplanting  cells  that  have  been  dissociated  and  expanded  at  the  pre-gastrula  stage  may 
disrupt  the  localized  cell-cell  communications  which  otherwise  inhibit  neuralization.  Alter¬ 
natively,  the  kidney  has  been  shown  to  contain  many  neurotrophic  factors  and  also  to  en¬ 
hance  the  development  of  TH'*'  neurons  when  cografted  with  VM.^^  The  lack  of  kidney 
structure  in  GDNF  knockout  mice  also  suggests  the  presence  of  dopaminotrophic  factors 
present  in  the  kidney  which  may  have  induced  the  totipotent  ES  cells  to  differentiate  along 
the  DA  phenotype.^® 

These  findings  demonstrate  that  transplantation  to  the  brain  or  kidney  capsule  results 
in  a  significant  fraction  of  totipotent  ES  cells  developing  into  putative  DA  or  serotonergic 
neurons  and  that,  when  transplanted  to  the  brain,  these  neurons  are  capable  of  innervating 
the  adult  host  striatum. 

Other  Cell  Sources 

Recent  explorations  of  alternative  cell  sources  have  also  contributed  to  the  list  of  cells 
utilized  for  the  study  of  DA  neuron  transplantation.  Donor  tissue  from  other  species  is  an 
attractive  alternative  to  human  fetal  tissue,  particularly  from  a  donor  species  that  breeds  in 
large  litters,  such  as  pig.  The  porcine  DA  system  contains  cell  groups  resembling  A8,A9,  and 
AlO  of  the  rat,  and  differentiate  into  the  homologous  cell  groups  of  human  In  pig  embryos 
of  28  days,  cells  of  the  VM  are  committed  DA  neurons  expressing  TH,  yet  have  not  extended 
processes.^ ^  When  a  suspension  of  fetal  pig  VM  was  transplanted  into  the  striatum  of 
immunosuppressed  DA-lesioned  rats,  these  animals  showed  significant  reduction  in 
amphetamine-induced  rotation,  whereas  animals  not  immunosuppressed  showed  transient 
behavioral  recovery.^  Behavioral  recovery  was  reversed  after  animals  were  removed  from 
cyclosporin,  suggesting  that  the  grafts  were  rejected  upon  cessation  of  cyclosporin  A  treat¬ 
ment.^^  TH"*^  neurons  were  observed  within  grafts  in  animals  displaying  a  high  degree  of 
rotational  correction.  In  addition  to  its  obvious  potential  for  use  in  the  clinical  setting  (see 
below:  “Recent  clinical  progress  and  developments”),  xenotransplantation  also  provides  a 
tool  to  analyze  the  development  of  various  components  of  transplanted  cells,  to  be  discussed 
below  (see  below:  “The  inhibitory  environment  of  adult  brain”). 
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Recently,  somatic  cell  cloning,  specifically  the  production  of  transgenic  bovine  embryos, 
*  has  produced  an  alternative  supply  of  embryonic  VM  tissue;  these  VM  cells  have  improved 
motor  function  when  transplanted  into  immunosuppressed  parkinsonian  rats7^ 

In  order  to  circumvent  the  need  for  immunosuppression  after  transplantation,  several 
cell  sources  have  been  introduced.  Testis-derived  sertoli  cells  have  been  shown  to  secrete 
trophic,  tropic,  and  immunosuppressive  factors;  culturing  these  cells  with  embryonic  neurons 
increased  DA  neuron  survival  and  outgrowth.^^  Transplantation  of  these  cells  produced 
behavioral  recovery  in  hemiparkinsonian  rats,  with  an  increase  in  TH'^  immunoreactivity 
in  the  zone  around  the  transplant.'"^  A  two  month  survival  period  of  xenotransplanted  porcine 
sertoli  cells  into  rat  brain  in  the  absence  of  systemic  immunosuppression  indicates  produc¬ 
tion  of  sufficient  local  immunosuppression  at  the  site  of  transplantation,  and  may  be  an 
alternative  method  for  protecting  xenotransplanted  cells. Transplantation  of 
chromaffin-like  carotid  body  glomus  cells  into  DA-denervated  rat  striatum  developed  into 
clusters  of  TH"*^  cells  with  neuronal  morphology  which  extended  fibers  out  into  the  host 
striatum,  and  produced  behavioral  recovery  in  turning  behavior  and  sensorimotor  orienta¬ 
tion  three  months  post-transplantation.^^  And  finally,  revisiting  the  adrenal  medulla  grafts, 
animal  studies  utilizing  co-grafts  of  adrenal  medulla  and  peripheral  nerve  have  indicated 
that  this  procedure  can  overcome  the  major  problems  encountered  with  adrenal  grafts  alone, 
such  as  limited  survival  and  transient  behavioral  effects.^^  Attachment  of  human  fetal  VM 
cells  to  microcarriers  (Cytodex)  allowed  xenotransplantation  into  rat  host  without  the  need 
for  immunosuppression;  however,  there  was  no  evidence  of  TH  fiber  outgrowth  into  host 
striatum,  and  no  functional  results  were  reported.^^ 

Regiilation  of  Axonal  Outgrowth  from  Dopamine  Grafts 

The  ability  of  fetal  neurons  to  be  placed  into  an  ectopic  region  of  an  adult  brain,  survive, 
and  extend  neurites  within  this  region  is  remarkable.  The  functional  effects  of  VM  trans¬ 
plants  into  DA- depleted  striatum  is  often  correlated  with  degree  of  striatal  reinnervation 
However,  there  is  some  limitation  in  the  ability  of  the  transplanted  neurons  to  extend  neurites 
in  the  mature  brain.  Even  though  the  graft-induced  elevations  in  tissue  DA  concentrations 
are  substantial,  values  taken  distant  from  the  graft  suggest  that  reinnervation  of  the  whole 
striatum  does  not  occur.  The  hypothesis  for  this  sharp  decline  in  density  of  TH'^  fiber  out¬ 
growth  is  that  age-dependent  characteristics  within  the  host  brain  alter  outgrowth,  since 
extensive  outgrowth  can  be  achieved  when  transplanted  into  immature  (neonatal)  host  brain. 
Expression  levels  and  patterns  of  adhesion  molecules  expressed  by  mature  host  brain  are 
thought  to  be  the  culprits  of  this  innervation-inhibitory  effect. 

The  Inhibitory  Environment  of  Adult  Brain 

The  limited  regeneration  in  adult  CNS  and  limited  ability  of  nigral  neurons  to  extend 
neurites  in  the  mature  host  brain  is  also  thought  to  be  related  to  suboptimal  properties  of 
the  mature  striatum  as  a  substrate  for  the  extension  of  DA  neurites.^®  Allografts  into  immature 
host  brain  show  robust  neuronal  and  glial  migration  away  from  the  transplant  site,  and  a 
high  degree  of  integration  and  target-directed  neurite  outgrowth  (Fig.  8.3).^  Fetal  cells 
transplanted  into  mature  brains  show  neuronal  reaggregation  around  the  implant  site  and 
limited  axonal  outgrowth  into  host  brain,  suggesting  an  age-dependent  increase  in  inhibi¬ 
tory  or  decrease  in  growth-promoting  processes.  Since  both  promoting  and  repulsive 
activities  influence  axonal  guidance  and  extension,  alteration  of  the  host  brain  “substrate” 
has  been  examined  to  obtain  more  extensive  outgrowth  from  grafts. 

The  cell-adhesion  molecules  (CAMs)  are  involved  in  promoting  neurite  extension,  by 
their  incorporation  into  the  extracellular  matrix  and  subsequent  binding  to  cell  surfaces.®* 
Neurite  outgrowth  from  fetal  VM  cells  in  culture  is  enhanced  when  plated  on  various  cell 
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Fig.  8.3.  Integration  and  axonal  outgrowth  from  fetal  grafts.  Fetal  cells  transplanted  into 
immature  host  brain  show  robust  neuronal  (black)  and  glial  (grey)  migration  away  from 
the  transplant  site,  and  a  high  degree  of  integration  and  target-directed  neurite  outgrowth. 
Fetal  cells  transplanted  into  mature  brain  remain  around  the  implant  site  and  exhibit 
limited  axonal  outgrowth  into  host  brain,  suggesting  an  age-dependent  increase  in  inhibi¬ 
tory  or  decrease  in  growth-promoting  processes.  Reprinted  with  permission  from  Trends 
in  Neurosciences  1997;  20:477-482,  ©Elsevier. 


adhesion  molecules.^^  Intranigral  transplants  of  VM  do  not  successfully  reinnervate  striatum 
unless  axonal  growth  is  provoked  by  bridging  the  striatum  and  transplanted  tissue  via 
peripheral  nerve  tissue,^^  laminin  track,®^  striatal  cells, or  grafts  of  fibroblast  growth 
factor- transfected  schwannoma  cells.®^  The  transient  expression  of  these  molecules  (GAP-43, 
NCAM  and  LI )  within  VM  grafts  only  during  the  phase  of  axon  elongation  further  suggests 
their  contribution  to  outgrowth  of  developing  neurons.*^’®^  Studies  utilizing  antibodies 
against  growth-inhibiting  factors,  such  as  the  IN- 1  antibody  raised  against  myelin- associated 
neurite  growth  inhibitor  NT-35/250,  have  shown  enhanced  innervation  of  fetal  neocortical 
innervation  into  adult  host  brain.^® 

The  argument  against  outgrowth-inhibitory  properties  of  adult  brain  stems  from  studies 
showing  long-distance  and  target-specific  axonal  growth  from  human  embryonic  trans¬ 
plants  into  adult  rat  brain, as  well  as  from  porcine  embryonic  transplants  into  adult  rat 
brain.^^  The  species-specific  markers  used  in  our  studies  of  fetal  porcine  transplants  into 
adult  immunosuppressed  rat  brain  allowed  comparison  of  donor  glial  fiber  and  donor  axonal 
growth  in  different  host  brain  regions,  demonstrating  their  distinct  trophic  characteristics. 
Target  zones  in  adult  host  gray  matter  were  selectively  innervated  by  embryonic  donor  axons 
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normally  destined  to  form  synapses  there,  whereas  donor  glial  fibers  grew  irrespective  of 
*  any  target  orientation  within  white  matter  tracts  (Fig.  8.4A).^^  Neuronal  axons  branched 
profusely  in  gray  matter  target  region  and  only  rarely  penetrated  or  crossed  white  matter 
tracts.  TH"^  fibers  from  transplants  placed  into  the  SN  were  found  coursing  up  toward  the 
striatum  through  myelinated  fiber  bundles,  then  branching  into  host  gray  matter,  as  also 
shown  by  Wictorin  from  human  xenotransplants  into  rat  SN.^^  Interestingly,  the  non-DA 
VM  cells  also  grew  toward  distant  gray  matter  target  zones,  such  as  medio-dorsal  and  ventral 
anterior  thalamus.  These  data  suggest  that  directional  cues  for  axons,  whether  diffusible  or 
substrate-bound,  are  provided  by  adult  host  target  regions.  Since  porcine  neural  develop¬ 
ment  continues  four  to  five  times  longer  than  mouse,  these  axons  may  develop  over  a  longer 
time  course  than  that  seen  in  rat-to-rat  studies,  as  illustrated  in  the  development  of  func¬ 
tional  recovery  in  porcine-transplant  recipients  (8  weeks  post-transplantation)  as  compared 
with  allografts  (6  weeks  post-transplantation), 

Another  aspect  of  host  brain  environment  which  can  influence  outgrowth  from  DA 
grafts  is  the  lesion  status:  Denervation  of  the  host  does  seem  to  promote  fiber  outgrowth, 
but  has  little  effect  on  their  survival.  Two  hypotheses  have  evolved  to  explain  the  apparent 
increase  in  outgrowth  from  grafted  cells  when  transplanted  into  lesioned  versus  intact  brain: 
First,  outgrowth  maybe  limited  due  to  availability  of  sites  for  synaptic  contacts,  which  are 
increased  soon  after  lesion;^^  alternatively,  injury-induced  neurotrophic  factors  have  also 
been  suggested,^ ^  since  graft  development  is  enhanced  after  administration  of  extracts  from 
injured  brain  into  the  implant  site.^^  Zhou  and  Chang^"^  showed  a  bridging  method  created 
by  a  “trophic  track”  formed  by  low- dose  injection  of  excitatory  amino  acids;  they  observed 
TH"^  fibers  streaming  along  this  lesion  track  from  the  intranigral  VM  graft  into  the  striatum, 
and  hypothesize  that  the  lesion  induces  trophic  molecules,  extracellular  matrices,  and 
vasculature  which  support  reinnervation  by  TH"^  fibers. 

Regional  and  Phenotrypic  Specification  of  Dopamine  Neurons 

Different  regions  of  the  striatum  are  associated  with  specific  behaviors  in  rat;  the 
dorsal  striatum  receives  primary  afferents  from  the  motor  areas  of  neocortex,  and  has  been 
shown  to  be  preferentially  involved  in  rotational  recovery  after  DA  neuron  transplanta¬ 
tion.'*^  In  the  intact  rat,  the  subpopulation  of  nigral  DA  neurons  from  A9  SNc  which 
co-express  AHD  project  their  axons  to  the  dorsal-lateral  and  rostral  regions  of  the  striatum 
(Fig.  8.4B).  As  described  above  (see  above:  “Utilizing  medial  VM  for  dopamine  grafts”),  the 
enriched  population  of  DA  neurons  obtained  from  a  medial  versus  lateral  VM  dissection 
also  preferentially  expresses  AHD;  when  transplanted  into  adult  DA-denervated  rat  striatum, 
these  AHD/TH  neurons  innervate  this  region  of  the  DA-depleted  striatum'^”^^  (Fig.  8.4C), 
showing  a  preferential  reinnervation  of  the  dorso-lateral  striatum  corresponding  to  the 
normal  projection  pattern  of  AHD/TH  neurons.  Specific  innervation  by  subsets  of 
transplanted  DA  neurons  was  also  demonstrated  by  Schultzberg,  revealing  reinnervation  of 
the  DA-depleted  striatum  by  the  population  of  grafted  VM  neurons  lacking  cholecystoki- 
nin  {CCK)f^  The  CCK"^  fibers  were  found  in  a  narrow  zone  immediately  adjoining  the 
graft.  These  data  suggest  the  presence  of  mechanisms  which  selectively  favor  the  ingrowth 
of  fibers  from  the  appropriate  DA  neuronal  subset.  Thus,  enrichment  of  the  DA  neuron 
subpopulation  which  specifically  expresses  AHD  may  allow  more  appropriate  reinnerva¬ 
tion  of  striatum  after  transplantation,  and  influence  the  degree  of  functional  recovery  in 
PD,  possibly  defined  by  tropic  mechanisms  intrinsic  to  the  host  brain. 
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Reconstructing  Synaptic  Connections  with  Dopamine  Grafts 

Functional  effects  of  intrastriatal  grafts  of  fetal  DA  cells  have  been  illustrated  in  a  range  * 
of  animal  behavioral  tests.^^'^^  The  behavioral  effects  observed  are  dependent  on  the  survival 
of  DA  neurons  within  the  striatum,  since  grafting  of  other  tissue  produces  no  behavioral 
effects^^’^^  and  removal  of  transplanted  tissue^^  or  immune  rejection  of  transplanted 
functional  analyses  of  DA  grafts. 

Many  groups  have  used  unilateral,  intraparenchymal  injection  of  6-hydroxydopamine 
(6-OHDA)  as  the  means  of  producing  a  unilateral  DA  denervation  of  the  striatum,  then 
transplanting  DA  neurons  into  this  denervated  striatum.  The  spontaneous  behavior  induced 
by  lesion  is  improved  as  tested  in  several  parameters,  and  depends  on  graft  placement,  cell 
number,  and  density  of  reinnervation.  Due  to  the  imbalance  in  DA  after  unilateral  lesion, 
the  animal  begins  to  rotate  in  response  to  DA- releasing  drugs  such  as  amphetamine.’®*  The 
transplantation  of  DA  cells  and  subsequent  reinnervation  of  the  denervated  striatum  causes 
the  animal  to  decrease  its  rotations  in  response  to  amphetamine,’®^  thus  reversing  the 
lesion-induced  behavioral  abnormalities.  Compensation  of  other  lesion-induced  changes, 
such  as  lesion-induced  increases  in  DA  receptor  binding,’®'^  increased  levels  of  enkephalin, 
and  decreased  levels  of  substance  P’®"*  demonstrate  the  capacity  of  these  DA  cells  to  affect 
postsynaptic  and  presynaptic  mechanisms.'^’’®^  However,  more  complex  movements  (such 
as  food  pellet  retrieval,  stair  case  and  stepping  tests)  have  exhibited  limited  responses  to  DA 
transplants.’®^’’®^  A  microtransplantation  procedure  which  increases  the  area  of  striatal 
reinnervation  has  shown  improved  paw  reaching  in  addition  to  greater  striatal 
reinnervation,’^  suggesting  that  the  limited  behavioral  recovery  of  some  complex  movements 
so  often  seen  in  previous  studies  may  be  due  to  inadequate  striatal  reinnervation. 

Regulated  DA  Release  from  Fetal  DA  Grafts 

Methods  to  improve  the  number  of  DA  cells  that  survive  transplantation,  and  enhance 
the  area  of  the  striatum  which  becomes  reinnervated  by  these  cells,  are  continually  being 
tested;  however,  the  most  important  factor  in  obtaining  complete  and  sustained  functional 
effects  is  the  successful  formation  of  synapses  between  the  transplanted  cells  and  the  host 
brain.  The  use  of  autologous  adrenal  cells,  fibroblasts  transfected  with  DA-producing 
enzymes,  and  other  non-neuronal  cell  types  which  can  secrete  DA  can  perhaps  circumvent 
the  problems  of  limited  availability  and  ethical  issues  associated  with  the  use  of  fetal  DA 
neurons.  However,  functional  analyses  from  these  studies  indicate  that  placing  a  “DA  pump” 
into  the  striatum  may  not  be  as  effective  in  ameliorating  the  motor  symptom  of  PD  as  the 
regulated,  synaptic  release  obtained  with  transplanted  DA  neurons;’®  in  fact,  when  DA  is 
directly  administered  into  the  ventricle  of  PD  patients,  serious  psychoses  develop,’®^  and 
recent  data  from  differential  display  has  shown  the  abnormal  upregulation  of  over  10  genes 
within  the  striatum. ’®®  Complications  associated  with  unregulated  DA  levels  are  obvious 
when  observing  effects  of  long  term  L-dopa  administration:  As  PD  progresses  and  the  DA 
neuron  degeneration  continues,  the  unregulated  formation  of  DA  within  the  striatum  can 
lead  to  motor  abnormalities  such  as  dyskinesias.  The  physiological  incorporation  and  regu¬ 
lation  of  DA  release  can  only  be  achieved  by  DA  neurons  themselves,  or  by  cells  which 
express  the  complete  set  of  feedback  elements  required  to  regulate  the  release  and  uptake  of 
DA. 

Embryonic  DA  neurons  are  not  “designed”  to  produce  new  connections  with  mature, 
established  striatal  neurons.  However,  synaptic  connections  between  transplanted  VM  cells 
and  host  cells,  as  well  as  afferents  from  host  neurons  to  transplanted  cells,  have  been 
illustrated.  ’®^’’  ’®  The  inclusion  of  fetal  striatal  tissue,  specifically  lateral  ganglionic  eminence, 
within  VM  transplants  not  only  produced  increased  DA  cell  survival  and  extent  of 
reinnervation  into  the  DA-depleted  host  striatum,  but  also  showed  an  increased  number  of 


Dopamine  Neuron  Grafts:  Development  and  Molecular  Biology 


133 


Fig.  8.4.  Target- specific  innervation  by  grafted  fetal  cells.  (A)  Target  zones  in  adult  host  gray 
matter  are  selectively  innervated  by  embryonic  pig  donor  DA  axons  normally  destined  to 
form  synapses  there,  whereas  non-DA  donor  fibers  grow  into  host  myelinated  bundles.  (B) 
In  the  intact  rat,  the  subpopulation  of  nigral  DA  neurons  from  A9  SNc,  which  coexpress  AHD, 
project  their  axons  to  the  gray  matter  of  dorso-lateral  regions  of  the  striatum.  The  ventral 
tegmental  area  (VTA)  neurons  from  A 1 0  coexpress  CCK,  and  project  to  ventromedial  striatum, 
nucleus  accumbens,  neocortex  and  limbic  regions.  (C)  When  the  enriched  population  of  TH/ 
AHD  neurons  obtained  from  a  medial  (versus  lateral)  VM  dissection  is  transplanted  into 
DA-lesioned  adult  rat  striatum,  these  neurons  preferentially  reinnervate  their  normal 
dorso-lateral  striatal  target,  shown  to  be  involved  in  rotational  recovery  after  DA  neuron 
transplantation.  TH/CCK  neurons  from  VM  show  different  patterns  of  outgrowth  when 
placed  into  cortex."^®  Reprinted  with  permission  from  Trends  in  Neurosciences  1997; 
20:477-482,  ©Elsevier. 


host  striatal  cells  which  induced  the  immediate-early  gene  c-fos,  indicating  a  higher  degree 
of  host  cell  activation.*^ 

Several  studies  have  shown  normalized  activity  throughout  the  basal  ganglia  after 
transplantation.  Nakao  et  al*  *  *  utilized  cytochrome  oxidase  histochemistry  to  quantify 
neuronal  activity  in  the  6-OHDA-lesioned  rat;  the  lesion-induced  increases  in  activity  of 
the  entopeduncular  nucleus  and  SN  reticulata  were  reversed  by  intrastriatal  VM  grafts, 
whereas  the  lesion -induced  increases  in  globus  pallidus  and  subthalamic  nucleus  were  not 
affected  by  grafting.*  *  *  The  same  technique  has  been  used  in  MPTP-treated  monkey  receiving 
VM  transplants  as  well.  Dopaminergic  grafts  increased  the  metabolic  activity  of  the  implanted 
striatum,  particularly  in  the  region  of  grafts  containing  greater  numbers  of  DA  neurons.**^ 
Also  of  interest  is  the  finding  that  the  DA  neurons  exhibit  the  highest  rate  of  metabolic 
activity  among  all  cell  types  contained  in  the  VM  grafts.*  Positron  emission  tomography 
(PET)  and  carbon-11  labeled  2B-carbomethoxy-3B-(4-fluorophenyl)tropane  (IIC-CFT) 
have  been  utilized  as  markers  for  striatal  presynaptic  DA  transporters  in  a  unilateral  lesion 
model  in  rat.  In  the  lesioned  striatum,  the  binding  ratio  was  reduced  to  15%  to  35%  of  the 
intact  side.  After  DA  neuronal  transplantation,  behavioral  recovery  occurred  only  after  the 
1 IC-CFT  binding  ratio  had  increased  to  75%  to  85%  of  the  intact  side,  revealing  a  threshold 
for  functional  recovery  in  the  lesioned  nigrostriatal  system  after  neural  transplantation.^® 
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Autoregulation  of  DA  release  and  metabolism  by  intrastriatal  grafts  has  been  shown  by 
microdialysis.  Treatment  with  the  DA  receptor  agonist  apomorphine  produced  a  decrease 
in  DA  in  the  grafted  striatum.^’ ^  Correct  regulation  of  DA  levels  by  transplanted  striatum 
is  also  suggested  by  the  observation  that  behavioral  recovery  plateaus  at  high  levels  of  cell 
survival,  with  further  neuronal  survival  providing  no  additional  behavioral  effects.  ^  Further 
evidence  for  the  formation  of  functional  synapses  and  autoregulation  from  transplanted 
fetal  neurons  comes  from  the  observation  that  dyskinesias,  expressed  either  as  contraversive 
circling  after  repeated  L-dopa  injections  in  rodents^  or  L-dopa-induced  dyskinesias  in 
monkey  (Widner  H,  personal  communication)  are  reduced  after  transplantation.  In  patients, 
however,  more  variable  results  have  been  observed.^ These  data  suggest  that  even  a 
high  amount  of  extracellular  DA  within  the  grafted  striatum  (either  through  improved  cell 
survival,  increased  DA  release,  or  addition  of  L-dopa)  will  be  regulated  in  a  physiological 
manner  by  the  transplanted  DA  neurons. 

A  more  recent  approach  manipulates  the  striatal  cells  themselves  to  produce  L-dopa  or 
DA.  Various  vector  systems  have  been  used  to  deliver  TH,  GTP-cyclohydrolase  I  (the 
rate-limiting  enzyme  for  tetrahydrobiopterin  synthesis),  and  aromatic  L-amino  acid 
decarboxylase  to  striatal  neurons  and  glia,  essentially  turning  them  into  DA-producing 
cells.* While  these  approaches  bypass  the  requirement  for  synapse  formation  between 
transplanted  VM  neurons  and  striatal  neurons,  and  apomorphine-induced  rotation  has  been 
decreased  in  unilaterally-lesioned  animals  in  some  studies,  the  release  of  DA  from  these 
striatal  neurons  has  not  been  shown  to  be  regulated,  and  the  normal  phenotype  of  these 
striatal  neurons  may  also  be  altered.  In  addition,  the  drawbacks  typically  encountered  with 
gene  transfer  (such  as  low  transduction  rates  and  limited  gene  expression)  also  arise. 

Clinical  Relevance 

The  Urgency  for  an  Improved  Therapy  for  Parkinson^s  Disease 

The  simple  concept  of  replacing  lost  neurons  by  inserting  new  cells  was  introduced  as 
a  new  therapeutic  strategy  for  treatment  of  PD  two  decades  ago.  The  progressive  loss  of  DA 
neurons  in  the  SN  and  resultant  decrease  of  DA  levels  in  its  targets  produce  the  signs  of  PD: 
tremors,  akinesias,  muscle  rigidity,  and  postural  instability.  Although  the  cause  of  this  cell 
loss  is  not  understood,  therapeutic  strategies  to  correct  the  impaired  motor  function  due  to 
the  unbalanced  basal  ganglia  circuitry  have  included  pharmacological  (L-dopa)  as  well  as 
surgical  (pallidotomy,*^^>*^'^  thalamotomy,*^^  subthalamic  nucleus  stimulation*^^) 
approaches.  A  major  obstacle  with  long  term  L-dopa  treatment  is  the  appearance  of  severe 
side  effects  such  as  “on-off”  phenomena  and  dyskinesias.  Although  capable  of  relieving  some 
parkinsonian  motor  symptoms  (notably  tremor  and  dyskinesias),  the  surgical  approaches 
each  have  potential  complications,  such  as  cognitive  disorders  after  thalamotomy*^^  and 
hemiparesis,  frontal  lobe  syndromes  and  hemorrhage  after  pallidotomy.  *^^’*^^ 

The  specificity  of  cellular  degeneration  which  occurs  in  PD  (DA  neurons  of  the  SN),  as 
well  as  the  well  defined  target  of  these  degenerating  cells  (the  caudate  and  putamen),  have 
contributed  to  the  direct  application  of  neural  transplantation  for  this  disorder.  Early  clinical 
transplantation  studies  involved  the  use  of  catecholamine-secreting  adrenal  medulla 
cells.*^^’*^^  The  variable  and  transient  alleviation  of  symptoms,  as  well  as  the  poor  adrenal 
medulla  graft  survival  and  high  morbidity  of  patients,  contributed  to  a  transition  to  fetal 
cells  for  PD  transplantation.  Yet  this  cell  source  is  not  without  its  drawbacks,  specifically  the 
requirement  for  several  fetuses  per  patient,  all  within  the  desired  gestation  age.  However, 
more  recent  animal  studies  utilizing  cografts  of  adrenal  medulla  and  peripheral  nerve  have 
indicated  that  this  procedure  can  overcome  the  major  problems  encountered  with  adrenal 
grafts  alone  as  discussed  above.^^  Several  PD  patients  have  received  these  grafts,  and 
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studies  report  their  success  in  relieving  motor  symptoms,  through  24  months 
post-transplantation. 

Application  of  Dopamine  Transplants  to  Parkinsonh  Patients 

The  successful  data  from  rodent  studies  with  fetal  DA  cells,  as  discussed  throughout 
this  chapter,  were  extended  to  nonhuman  primate  models  of  parkinsonism,  induced  either 
by  the  selective  DA  neurotoxin  MPTP  or  by  6-OHDA.^^^  By  demonstrating  the  capacity  of 
these  grafts  to  improve  more  complex  movements  and  behavioral  tasks,  and  correlating 
these  improvements  with  histology  and  PET  imaging  of  the  grafts,  these  studies  then  led  to 
the  first  clinical  trials  in  humans.  The  initial  (and  in  some  cases  ongoing)  issues  regarding 
the  technical  aspects  of  the  procedure  were  assessed,  such  as  patient  monitoring,  implanta¬ 
tion  technique,  donor  tissue  properties,  immunology  of  allografts,  risk  assessment  of  disease 
transmission,  and  ethical  considerations.  The  first  two  patients  to  be  transplanted  were 
middle-aged  females  each  with  about  a  14  year  history  of  PD,  and  symptoms  consisting  of 
bradykinesia,  rigidity,  and  severe  “off”  phases.  Each  patient  received  four  VM  regions 
from  aborted  fetuses,  implanted  unilaterally  into  the  caudate  and  putamen,  and  were 
immunosuppressed  with  cyclosporin.  Each  showed  modest  clinical  improvement,  including 
improved  gait,  which  lasted  several  years  in  one  patient  and  which  was  lost  in  the  other  after 
11-13  months,^"^^  suggesting  an  immunological  rejection  of  the  graft  (immunosuppression 
was  withdrawn  after  24  months).  At  nine  years,  no  functional  effects  persisted,  suggesting 
that  cell  survival  or  development  was  lower  than  expected. 

Examination  of  the  implantation  procedure  yielded  the  following  improvements: 
decreasing  time  between  abortion  and  dissection,  and  dissection  and  implantation; 
buffering  of  storage/dissection  media;  adding  DNase  to  final  step;  reduced  cannula  size; 
more  tissue.  Encouraging  results  were  found  with  the  subsequent  two  patients  receiving 
fetal  VM  suspensions:  decreasing  rigidity,  bradykinesia,  and  number  and  length  of  daily 
“off”  periods,  which  were  apparent  6-12  weeks  post-transplantation.^^'^  Three  years  later, 
both  patients  showed  near  normal  18F-fluordopa  uptake  in  the  grafted  region,  while  the 
contralateral  striatum  showed  decreased  uptake  when  compared  with  that  one  year 
post-transplantation,  indicative  of  progressive  degeneration  associated  with  the  underly¬ 
ing  disease  process.  A  three  year  study  has  shown  therapeutically  valuable  improvement 

in  four  out  of  six  patients:  Rigidity  and  hypokinesia  improved  bilaterally;  however,  no 
consistent  changes  in  dyskinesias  were  observed*  *  ^  One  of  these  patients  was  without  L-dopa 
from  32  months  and  had  normal  fluorodopa  uptake  in  the  grafted  putamen  at  six  years.* 
Two  additional  patients  were  transplanted  utilizing  the  same  protocol,  with  similar  clinical 
improvements,  as  well  as  positive  PET  results.*^^  Bilateral  caudate/putamen  grafts  into 
two  MPTP-exposed  patients  have  produced  marked  motor  improvement  in  both  patients, 
correlating  with  increased  uptake  of  fluorodopa.  *  ''*^  The  transplantation  of  solid  pieces  of 
VM  have  also  produced  clinical  improvement  with  increased  fluorodopa  in  many  (but  not 
all)  patients  6  and  46  months  post-transplantation.^’*^^ 

Two  instructive  clinical  studies  have  provided  information  on  basic  parameters.  One 
compared  clinical  improvements  with  graft  volume:  One  group  of  PD  patients  was 
transplanted  with  VM  from  one  to  two  donors  (volume  of  approximately  20  mm^),  while  a 
second  group  received  tissue  from  three  or  more  donors  (approximate  volume  of  24  mm^).*^® 
Both  groups  demonstrated  significant  improvement  over  presurgical  baseline  scores;  how¬ 
ever,  the  high  volume  group  had  significantly  greater  improvement  on  all  UPDRS  scores, 
suggesting  that  amount  of  donor  tissue  may  influence  clinical  outcome.  The  second  study 
correlated  clinical  improvement  with  immunosuppression:  After  over  two  years  of  immuno¬ 
suppressive  treatment,  withdrawal  from  the  cyclosporin  treatment  produced  a  decline  in 
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the  graft-induced  motor  improvements,  implicating  a  rejection-induced  decline  in 
function. 

Recent  Clinical  Progress  and  Developments 

As  mentioned  previously  (see  above:  “Other  cell  sources”),  xenotransplantation  allows 
the  acquisition  of  large  quantities  of  accurately  aged  fetal  tissue.  The  T  cell-mediated 
rejection  of  xenografts  can  be  inhibited  by  immune  suppression,  and  studies  have  shown 
survival,  function,  and  afferent/efferent  connections  of  xenogeneic  cells  when  transplanted 
into  animal  hosts, (and  see  reviews  in  refs.  141,142).  The  transplantation  of  E27  porcine 
VM  unilaterally  into  the  caudate  and  putamen  of  twelve  immunosuppressed  PD  patients 
has  produced  clinical  improvements:  UPDRS  “off”  scores  improved  16.9  points  in  ten 
evaluable  patients  at  12  months.  One  patient  from  this  study  died  seven  months  after 
surgery  from  a  pulmonary  embolism;  histological  analyses  using  species-specific  markers 
revealed  porcine  cells  and  axonal  projections  from  the  grafts  into  host  brain.  All  three 
identified  grafts  contained  TH^  neurons  (630  TH"^  neurons  in  all),  and  non-TH^  neurons 
expressing  pig-specific  neurofilament  protein  were  also  observed  within,  and  extending 
axons  out  of,  the  grafts.®  Microglial  and  T  cell  markers  showed  low  reactivity  in  and  around 
the  pig  cell  graft  perimeter. 

In  addition  to  this  histological  study,  autopsy  data  has  been  published  from  one  other 
laboratory,  who  bilaterally  transplanted  6.5-9  week  human  fetal  VM  into  postcommisural 
putamen  of  several  PD  patients.  Details  from  two  of  these  patients  who  died  18- 19  months 
after  surgery  of  events  unrelated  to  the  grafting  procedure  have  been  reported.^’^"*"*"^^^  Both 
patients  showed  improved  motor  function  and  increases  in  fluorodopa  uptake  in  the  putamen 
on  PET  scanning.  Histological  analysis  has  shown  over  200,000  surviving  TH^  neurons  in 
the  male  patient  (12  sites)  which  reinnervated  over  53%  of  the  right  putamen  and  23%  of 
the  left  putamen  in  a  patch-matrix  pattern.^  Electron  microscopy  revealed  axo-dendritic 
and  occasional  axo-axonic  synapses  between  graft  and  host,  and  analysis  of  TH  mRNA 
revealed  higher  expression  within  the  fetal  neurons  than  within  the  residual  host  nigral 
cells.^  Autopsy  of  the  second  patient  showed  over  130,000  surviving  TH"^  neurons, 
reinnervating  78%  of  the  putamen.  Even  in  these  healthy-appearing  grafts  and  a  six  month 
regimen  of  cyclosporin  treatment,  pan  macrophages  and  T  and  B  cells  were  observed  within 
the  graft  sites. 

These  results  have  demonstrated  the  potential  usefulness  of  neuronal  replacement 
therapy  for  PD,  relieving  rigidity,  akinesia,  peak-dose  dyskinesias,  gait  stability,  speech, 
and  swallowing.  There  is  no  indication  that  the  disease  process  is  negatively  affecting  the 
transplanted  cells,  although  the  endogenous  DA  system  continues  its  progressive  degen¬ 
eration.^  The  striatum  has  a  remarkable  capacity  to  compensate  for  very  low  levels  of 
DA,  as  evidenced  by  the  lack  of  parkinsonian  symptomology  until  80%  of  DA  is  lost.  Thus 
a  substantial,  though  perhaps  incomplete,  reinnervation  may  allow  maximal  functional 
outcome.  However,  the  basic  mechanistic  problems  with  these  grafts  as  outlined  in  the 
above  review,  specifically  the  limited  development  and  reafferentation  of  host  brain  by 
these  grafts,  require  the  continued  efforts  of  investigators  in  this  field.  Other  issues  such  as 
graft  location, immunologic  questions, further  progression  of  the  disease,  and 
continued  exposure  of  fetal  cells  to  L-dopa,  remain  under  intense  investigation. 
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Conclusion 

The  current  understanding  of  the  normal  in  situ  maturation  and  phenotypic  special¬ 
izations  of  DA  neurons  located  in  the  adult  substantia  nigra  parallels  the  observations  made 
of  the  development  of  committed  fetal  dopamine  neurons  placed  as  grafts  into  the  adult 
CNS.  The  molecular  signaling  necessary  for  the  final  morphological  specializations  and 
connectivity  of  the  nigro-striatal  DA  system  must  therefore  be  largely  intrinsic  to  the 
developing  DA  neurons,  or,  alternatively,  present  in  significant  detail  in  the  adult  brain  for 
this  process  to  be  completed  in  a  normal  way. 

These  findings  may  be  clinically  applied  to  further  improvements  in  DA  neuron 
“replacement”  in  the  PD  brain,  and  provide  functional  restitution  to  patients  with 
neurodegenerative  diseases. 
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This  special  issue  on  cellular  and  molecular  research 
for  novel  treatments  of  neurological  disease  is  the 
result  of  the  Second  Cellular  and  Molecular  Treatments 
of  Neurological  Diseases  (CMT)  Conference  held  in 
Cambridge,  Massachusetts,  at  the  American  Academy 
of  Arts  and  Sciences  in  October  1998.  The  meeting 
brought  together  over  150  scientists  and  students 
working  in  the  field  and  approached  new  treatments 
through  three  paradigms.  First,  neural  transplantation 
as  a  cell  replacement  therapy  was  evaluated.  The 
ground-breaking  work  of  Olle  Lindvall  and  others  in 
the  field  was  described  by  him  and  other  speakers.  The 
neural  transplantation  field  is  now  beyond  the  proof  of 
principle  and  much  work  remains  to  develop  and 
optimize  these  procedures.  The  ''stone  age  of  neural 
transplantation”  may  soon  be  past;  we  look  forward  to 
many  new  discoveries  and  procedural  improvements  to 
make  this  procedure  available  to  many  patients  with 
neural  degenerative  diseases.  In  this  small  and  novel 
branch  of  neuroscience,  we  find  ground-breaking  work 
on  very  specialized  systems  that  can  be  repaired  by 
neural  cell  transplants.  Professor  Ray  Lund  described 
his  work  on  the  retinotectal  system  and  how  it  can  be 
repaired.  Dr.  Lund  and  colleagues  previously  demon¬ 
strated  neural  circuitry  replacement  in  the  retinotectal 
system  and  at  this  conference  described  recent  work  on 
photoreceptor  layer  reconstruction  in  mice  with  dystro¬ 
phic  photoreceptors  of  the  retina. 

At  the  Second  CMT  Conference  at  the  AAAS  in 
Cambridge,  Massachusetts,  the  next  two  themes  in¬ 
volved  progenitor  cell  biology  and  cell  differentiation, 
as  well  as  gene  therapy  for  neurological  diseases.  In  the 
progenitor  cell  biology  section,  a  number  of  eminent 
speakers,  including  Dr.  McKay,  Dr.  van  der  Kooy,  Dr. 
Whittemore,  Dr.  Mehler,  Dr.  Briistle,  and  Dr.  Svendsen 
described  new  ideas  and  conceptual  developments  of 
this  field.  Dr.  Clive  Svendsen  and  Oliver  Briistle  demon¬ 
strated  how  progenitor  cells  can  be  implanted  in  vari¬ 
ous  systems  and  used  as  therapeutic  vehicles. 

In  the  third  theme  of  the  conference,  gene  therapy  for 
neurological  diseases,  a  number  of  distinguished  speak¬ 
ers  described  their  work.  The  engineering  of  herpesvi- 


ral  vectors  by  Dr.  Joseph  Glorioso  was  a  tour  de  force 
describing  the  stepwise  approach  to  improved  vector 
design.  Dr.  Ron  Mandel  elaborated  on  his  elegant  work 
on  using  gene  therapy  for  the  treatment  of  parkinson¬ 
ism  in  animal  models  using  recombinant  AAV  vectors. 
And  finally.  Dr.  Howard  Federofif  described  advanced 
vector  technology  and  functional  neurobiology  neces¬ 
sary  for  transcriptional  activation  of  posttranscrip- 
tional  control  in  gene  delivery  and  gene  therapy.  These 
communications  at  the  conference  provided  a  worth¬ 
while  learning  experience,  and  we  hope  that  the  read¬ 
ers  of  Experimental  Neurology,  through  this  special 
issue,  can  enjoy  some  of  this  work  as  well. 

This  special  issue  begins  with  a  paper  by  Kordower  et 
al.  demonstrating  that  cellular  delivery  of  trophic 
factors  can  prevent  degeneration  typically  seen  in  the 
striatum  of  Huntington’s  disease.  These  studies  are 
based  on  findings  of  extensive  neuroprotection  caused 
by  a  number  of  factors  in  the  striatum  such  as  NGF, 
basic  FGF,  BDNF,  and  CNTF.  The  distinction  between 
pharmacological  and  cellular  delivery  of  factors  is  also 
elaborated  by  Kordower  and  coauthors.  The  initial 
finding  of  extensive  neuroprotection  by  implanted  cells 
producing  NGF  in  the  striatum  by  Schumacher  et  al. 
(13)  was  confirmed  by  a  number  of  other  studies, 
including  genetically  engineered  progenitor  cells  produc¬ 
ing  NGF  (12).  A  number  of  other  studies  have  also 
shown  that  pharmacological  treatment  with  NGF,  while 
creating  neuroprotection,  was  not  as  effective  as  the 
cell-based  NGF  delivery  seen  in  other  work  (3,  9,  14). 
The  extensive  neuroprotection  created  by  NGF  and 
CNTF  (4-7)  indicates  that  the  cell-based  delivery  of 
neurotrophic  factors,  while  very  specific,  may  also 
include  dynamic  receptor  inductions,  as  well  as  im¬ 
proved  efficacy  through  cofactors.  The  review  by  Kor¬ 
dower  et  al.  discusses  the  extensive  neuroprotection 
possible  in  a  variety  of  animal  models  with  relevance  to 
Huntington’s  disease. 

With  regard  to  another  part  of  the  brain.  Dr.  Lund 
and  colleagues  have  over  a  number  of  years  shown  us 
how  complex  circuitry  reconstruction  is  possible  using 
the  transplant  paradigm.  Using  transplantation  as  a 
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tool  to  investigate  the  plasticity  of  the  nervous  system, 
the  group  led  by  Dr,  Lund  has  determined  how  adaptive 
the  visual  system  can  be  with  such  procedures.  In  the 
current  review  by  Dr.  Kwan  et  aL,  they  demonstrate 
how  the  photoreceptor  layer  of  the  retina  can  be 
reconstructed  through  implantation  of  postnatal  retina 
fragments.  The  dystrophic  retinal  layer,  as  seen  in 
retinitis  pigmentosa,  is  therefore  a  target  for  their 
research.  The  finding  of  simple  light/darkness  discrimi¬ 
nation  in  the  transplanted  mice  suggests  that  there  is 
some  functional  rebuilding  of  the  circuitry.  These  au¬ 
thors  argue  that  logical  circuits  that  are  typical  of 
peripheral  nerve  stimulation  in  the  retina  may  also  be 
a  therapeutic  target  of  future  transplantation  work. 

The  review  by  Wolfe  et  aL  describes  the  steps  neces¬ 
sary  to  engineer  one  class  of  viruses,  the  herpes  simplex 
viruses  (HSV),  as  vehicles  for  gene  delivery  and  gene 
therapy.  The  systematic  approach  of  determining  the 
biology  of  the  virus  by  these  investigators  illustrates 
that  understanding  of  the  genome  is  necessary  prior  to 
accomplishing  effective  gene  delivery.  In  particular,  the 
HSV  vectors  have  been  reengineered  to  control  and  use 
the  latency  promoter  and  regulatory  regions.  Moreover, 
in  the  elimination  of  toxic  and  replication-competent 
sequences,  the  HSV  has  been  structured  to  maximize 
its  transgene-carrying  capacity  while  not  eliminating 
its  specific  neurotropic  characteristics.  The  experi¬ 
ments  were  designed  to  address  the  cell-targeting 
issues  necessary  for  effective  gene  therapy  in  the  CNS, 
Wolfe  et  al.  also  evaluate  and  discuss  the  neurodegener- 
ative  applications  of  such  viruses  as  well  as  the  poten¬ 
tial  application  to  cancer  conditions  (15, 16). 

The  recent  work  by  Mandel  et  al  (10,  11)  has 
demonstrated  important  new  steps  toward  functional 
gene  delivery  in  the  striatum  involving  both  dopamine- 
related  production  and  neurotransmission,  as  well  as 
neuroprotection  first  described  by  Bohn  and  Choi- 
Lundberg  (1).  The  review  reasons  that  the  eventual 
engineering  and  development  of  viral  vectors  may 
provide  a  more  continuous  release  of  drugs  in  the  brain. 
This  obviously  is  still  an  unaccomplished  goal  but 
Mandel  et  al,  argue  that  some  of  their  work  on  recombi¬ 
nant  engineering  of  adeno-associated  viruses  illus¬ 
trates  this  point.  Mandel  and  colleagues  have  shown 
that  the  co-infection  of  MD  vectors  containing  the 
tyrosine  hydroxylase  gene,  as  well  as  the  cofactor 
producing  GTP  cyclohydrolase,  can  improve  the  produc¬ 
tion  of  L-dopa  in  striatum  through  co-infection  of  cells. 
They  demonstrated  gene  expression  for  up  to  6  months. 
This  work  forms  a  data  base  for  future  studies  toward 
more  effective  gene  delivery  and  gene  therapy  para¬ 
digms  in  that  system. 

In  Halterman  and  FederofFs  work  in  this  special 
issue,  neurodegeneration  caused  by  ischemic  condi¬ 
tions  is  discussed.  Their  work  elaborates  on  the  molecu¬ 
lar  mechanisms  involved  in  this  damage  and  demon¬ 


strates  that  the  p53  transcriptional  activators,  as  well 
as  the  PAS  family  proteins  (here,  HIF-la),  can  drive 
ischemia-induced  changes  toward  degeneration  of  neu¬ 
rons  in  the  brain.  Their  data  and  thinking  support  the 
idea  that  the  pathologic  gene  expression  seen  under 
stressors  can  be  modified  by  adaptive  gene  expression 
toward  neuronal  protection.  In  particular,  Halterman 
and  Federoff  elucidate  gene  delivery  as  a  tool  in  cell 
culture  and  in  vivo  applications  to  modify  gene  expres¬ 
sion  or  pro-death  gene  expression  (2,  8). 

The  CMT  Conference  at  the  American  Academy  of 
Arts  and  Sciences  was  an  academic  initiative  through 
the  Departments  of  Neurology  and  Psychiatry  at  Har¬ 
vard  and  included  a  number  of  eminent  lecturers  and 
was  organized  by  Drs.  Ole  Isacson  and  Xandra  Break- 
efield.  We  hope  that  this  conference  series  will  continue 
and  look  forward  to  the  next  meeting  in  the  year  2001. 
Meanwhile,  the  pages  available  in  this  forum  oi Experi¬ 
mental  Neurology  will  surely  provide  communication 
on  these  and  related  issues. 
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Neurotrophic  effects  of  immunophilin  ligands  have 
been  shown  in  animal  models  of  peripheral  and  cen¬ 
tral  nervous  system  insult.  To  investigate  the  specific 
growth-promoting  effects  of  these  compounds,  we  ex¬ 
amined  the  effects  of  various  immunophilin  ligands  on 
primary  dopamine  (DA)  neurons  in  culture  and  com¬ 
pared  these  with  a  well-known  DA  trophic  factor,  glial 
cell  line-derived  neurotrophic  factor  (GDNF).  In  neu¬ 
ronal  cultures  from  Embryonic  Day  14  ventral  mesen¬ 
cephalon,  enhanced  elongation  of  DA  neurites  was  ob¬ 
served  with  immunophilin  ligands,  which  inhibited 
the  phosphatase  activity  of  calcineurin  (FK506  and 
cyclosporin  A)  when  compared  to  vehicle-treated  cul¬ 
tures.  This  elongation  was  also  observed  with  GDNF, 
known  to  exert  its  trophic  effects  through  phosphory¬ 
lation-dependent  pathways.  In  contrast,  immunophi¬ 
lin  ligands  that  do  not  inhibit  calcineurin  (rapamycin 
and  V-10,367)  increased  branching  of  DA  neurites,  sug¬ 
gesting  that  elongation  is  dependent  upon  maintained 
phosphorylation  while  branching  is  not.  In  addition, 
both  V-10,367  and  rapamycin  antagonized  the  elonga¬ 
tion  effects  of  FK506  and  induced  branching.  The  an¬ 
tagonism  of  elongation  (and  reappearance  of  branch¬ 
ing)  illustrates  the  intrinsic  abilities  of  developing  DA 
neurons  to  either  elongate  or  branch,  but  not  both.  We 
show  that  the  immunophilin  FKBP12  (12-kDa  FK506- 
binding  protein)  is  expressed  in  ventral  mesence¬ 
phalic  neuronal  cultures  and  colocalizes  with  DA  neu¬ 
rons.  This  work  elucidates  the  specific  growth-promot¬ 
ing  effects  by  which  GDNF  and  immunophilin  ligands 
modify  developmental  growth  processes  of  DA  neu¬ 
rons,  via  their  interactions  with  intracellular  targets. 
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,  Key  Words:  immunophilin;  FKBP12;  neurite;  GDNF; 
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INTRODUCTION 

The  regulation  of  neurite  elongation  and  branching 
is  fundamental  for  establishing  neuronal  circuitry  (49, 
59).  Recently,  immunosuppressive  drugs  such  as 
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FK506  and  cyclosporin  A  (CsA)  have  been  shown  to 
enhance  neurite  outgrowth  from  various  cell  lines  and 
peripheral  nerve  preparations  (50,  67),  as  well  as  pri¬ 
mary  CNS  neurons  in  culture  (10).  These  compounds 
also  protect  against  peripheral  and  central  nervous 
system  insult  (10,  26,  65,  70),  alter  long  term  potenti¬ 
ation,  (LTP)  and  long  term  depresssion,  (LTD)  (21,  73), 
increase  the  rate  of  peripheral  nerve  regeneration  (25), 
and  regulate  neurotransmitter  release  (58,  69).  The 
observed  effects  are  partially  or  fully  mediated  by  spe¬ 
cific  intracellular  pathways  that  are  affected  by  these 
ligands,  but  that  remain  unclear  in  the  context  of  neu¬ 
ronal  cell  systems.  In  the  immune  system,  the  immu¬ 
nophilin  ligand  FK506  complexes  with  the  immunophi¬ 
lin  FKBP12  (12-kDa  FK506-binding  protein).  This 
drug-immunophilin  complex  then  binds  to  and  inhibits 
the  phosphatase  activity  of  calcineurin  (48),  augment¬ 
ing  the  phosphorylation  of  several  substrates  (12,  28, 
42,  52,  64,  68),  which  leads  to  inhibition  of  cytokine 
synthesis  and  immunosuppression  (20).  Cyclosporin  A 
also  inhibits  calcineurin,  but  through  its  interaction 
with  the  immunophilin  cyclophilin  B. 

High  levels  of  FKBP12  and  cyclophilin  in  the  brain 
(68)  and  their  colocalization  with  calcineurin  suggested 
that  the  neuronal  trophic  effects  may  also  act  through 
this  intracellular  pathway.  The  neuroprotective  effects 
seen  with  immunophilin  ligands  in  models  of  neurode- 
generative  disorders  have  led  to  the  design  of  small- 
molecule  ligands  that  bind  to  immunophilins,  but  are 
not  immunosuppressive  (do  not  interact  with  cal¬ 
cineurin  (3)).  One  of  these  novel  immunophilin  ligands, 
V-10,367,  has  an  affinity  to  FKBP12  similar  to  that  of 
FK506  {Ki  of  0.5  nM)  and  does  not  decrease  the  phos¬ 
phatase  activity  of  calcineurin  (3).  However,  trophic 
effects  are  retained  even  in  the  absence  of  calcineurin 
inhibition:  V-10,367  potentiates  neuronal  growth  fac¬ 
tor  (NGF)-induced  neurite  outgrowth  from  immortal¬ 
ized  cells  in  culture  (26).  In  addition,  neuroprotective 
and  regenerative  effects  of  these  novel  immunophilin 
ligands  have  been  obtained  in  animal  models  of  periph¬ 
eral  and  central  nervous  system  insult  (10,  26,  70).  We 
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TABLE  1 


Immunophilin  Ligands 


Immunophilin 

Inhibition  of 

Compound 

interaction 

calcineurin 

FK506 

FKBP12 

Yes 

CsA 

Cyclophilin 

Yes 

Rapamycin 

FKBP12 

No 

V-10,367 

FKBP12 

No 

recently  demonstrated  neurotrophic  effects  of  V-10,367 
in  a  l-methyl-4-phenyl-l,2,3,6-tetrahydrop5n*idine 
(MPTP)  mouse  model  of  Parkinson's  disease  (10).  Stri¬ 
atal  dopaminergic  (DA)  innervation  was  spared  from 
MPTP-induced  degeneration  in  animals  orally  treated 
with  V-10,367,  while  treatment  with  FK506  did  not 
cause  this  effect.  These  studies  suggest  that  inhibition 
of  this  phosphatase  may  not  be  required  for  the  trophic 
effects  obtained  with  these  ligands  in  the  nervous  sys¬ 
tem. 

To  determine  the  specific  effects  of  these  compounds 
on  the  DA  system,  we  evaluated  the  growth-promoting 
effects  of  these  molecules  on  primary  ventral  mesence¬ 
phalic  (VM)  DA  neurons  in  culture.  Comparisons  were 
made  between  immunophilin  ligands  that  interact 
with  different  intracellular  targets  and  the  trophic  ef¬ 
fects  of  glial  cell  line-derived  neurotrophic  factor 
(GDNF). 

MATERIALS  AND  METHODS 

Primary  Ventral  Mesencephalic  Cultures 

Primary  cultures  of  DA  neurons  (previously  shown 
to  be  95%  neuronal)  were  obtained  from  E14  Sprague- 
Dawley  rat  (Charles  River,  MA)  ventral  mesencepha¬ 
lon  (VM)  as  described  previously  (10,  11).  Briefly,  tis¬ 
sue  was  dissociated  by  incubation  in  0.025%  trypsin 
solution  (37°C,  15  min;  Sigma)  and  triturated  in  a 
solution  of  DNAse  (0.01%;  Sigma)  and  trypsin  inhibitor 
(0.05%;  Sigma).  Isolated  cells  were  resuspended  in  Dul- 
becco's  modified  Eagle's  medium  (DMEM;  Gibco,  NY) 
containing  heat-inactivated  horse  serum  (10%),  glu¬ 
cose  (6.0  mg/ml),  penicillin  (10,000  U/ml),  streptomycin 
(10  mg/ml;  Sigma),  and  glutamine  (2  mM;  Gibco).  Five 
hundred  microliters  of  suspension  containing  5  X  10^ 
cells/ml  was  plated  into  each  well  of  24-well  trays  (Fal¬ 
con),  precoated  with  poly-L-lysine  (Sigma),  containing 
500  fjb\  of  serum-containing  (S+)  medium.  Unattached 
cells  were  aspirated  after  1  h,  and  1  ml  of  fresh  S+ 
medium  containing  immunophilin  ligands  (Table  1), 
GDNF,  or  vehicle  (DMSO  diluted  at  equivalent  concen¬ 
trations  (1:1000)  per  well)  was  added.  At  1  day  in 
culture,  the  medium  was  replaced  with  defined  me¬ 
dium  (containing  N2  cocktail;  Gibco)  containing  immu¬ 
nophilin  ligands  or  GDNF  (using  30  kDa  as  the  molec¬ 


ular  weight  of  GDNF,  the  doses  of  0.001—100  ng/ml 
convert  to  33  pM-3.3  nM).  At  2  days  in  vitro  (DIV), 
cultures  were  fixed  for  1  h  with  4%  paraformalde¬ 
hyde/4%  sucrose  in  phosphate-buffered  saline  (PBS). 

Immunohistochemistry 

Cells  were  incubated  in  primary  antibody  against 
tyrosine  hydroxylase  (TH;  1:500;  Pel-Freez,  Rogers, 
AK)  for  48  h  at  4°C;  antibody  binding  was  visualized 
with  reaction  in  0.05%  3,3'-diaminobenzidine  (DAB, 
Sigma).  To  study  the  expression  of  the  immunophilin 
FKBP12  within  VM  neurons,  cultures  were  double- 
labeled  with  antibodies  against  TH  and  FKBP12  (1: 
2000;  Pharmingen,  CA)  and  processed  for  immunocy- 
tochemical  detection  with  texas  red-  and  fluorescein- 
conjugated  secondary  antibody  (1:200;  Jackson 
ImmunoResearch;  West  Grove,  PA).  Fluorescent  im¬ 
ages  of  double-labeled  FKBP12  and  TH  was  visualized 
using  a  confocal  argon  laser  scanning  microscope 
(Leika),  processed  with  Leika  Physiology  Module  Soft¬ 
ware. 

Quantification  of  Neuron  Survival  and  Neurite 

Outgrowth 

For  neuron  survival,  four  random  fields  at  each 
corner  of  each  well  were  selected  for  cell  counts,  as 
previously  described  (10):  at  200 X  magnification, 
and  using  an  eyepiece  grid,  the  number  of  cells  in 
each  200  X  20- pm  corner  and  center  of  the  grid  was 
counted  (5  counts  per  field).  Counts  consisted  of  the 
total  number  of  neurons  in  each  grid  region  for  neu¬ 
ronal  viability  (defined  morphologically  in  phase  con¬ 
trast  and  confirmed  by  trypan  blue  exclusion  test),  as 
well  as  the  number  of  TH+  neurons.  For  analysis  of 
neurite  elongation  and  branching,  two  fields  from 
opposite  sides  of  each  well  were  captured  in  Adobe 
Photoshop,  and  10  randomly  chosen  TH+  neurons 
per  field  were  analyzed.  Each  neurite  from  a  TH+ 
neuron  was  traced  and  measured  (in  millimeters)  to 
determine  elongation  effects,  and  the  number  of  neu- 
rites  extending  from  a  single  TH+  neuron  was 
counted  to  determine  branching  effects  (Fig.  1).  The 
measurements  from  the  10  TH+  neurons  per  field 
were  averaged  to  obtain  two  measurements  per  well. 
Each  dose  of  each  compound  was  run  in  duplicate  per 
experiment,  and  data  are  expressed  as  percentage 
control  from  two  to  four  pooled  experiments  (each 
dose  in  duplicate  per  experiment,  for  n  =  8—16  per 
dose).  All  comparisons  were  evaluated  using  analysis 
of  variance  (ANOVA)  in  JMP  Version  3.1  (SAS  Insti¬ 
tute,  NC).  When  significance  was  obtained,  post-hoc 
Tukey-Kramer  HSD  was  performed  to  compare  sig¬ 
nificant  differences  between  groups  (*P  <  0.05). 
Error  bars  represent  SEM. 
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FIG.  1.  Measurement  of  distinct  effects  of  immunophilin  ligands 
on  neurite  outgrowth  of  primary  DA  neurons.  Parallel  panels  illus¬ 
trate  the  method  of  measuring  DA  neurite  outgrowth  (stained  for 
TH)  in  three  representative  cells  (see  Materials  and  Methods,  and  as 
quantified  in  Fig.  2):  each  TH-I-  neurite  (outlined  in  red)  was  traced, 
counted,  and  measured  from  TH-F  cell  bodies  (circled  in  green).  (A) 
Neurite  outgrowth  of  DA  neurons  from  untreated  primary  cultures  of 
E14  VM  after  2  days  in  culture.  (B)  Enhanced  branching  of  TH+ 
neurites  from  DA  neurons  after  2-day  treatment  with  1.0  pM 
V-10,367.  (C)  Enhanced  elongation  of  TH-h  neurites  from  DA  neu¬ 
rons  after  2-day  treatment  with  1.0  pM  FK506. 


RESULTS 

To  better  define  intracellular  targets  and  mecha¬ 
nisms  of  the  trophic  effects  observed  with  immunophi¬ 
lin  ligands,  we  utilized  a  system  of  primary  DA  neu¬ 
rons  from  E14  VM.  By  immunostaining  VM  cultures 
for  TH  (used  here  as  a  marker  for  DA  neurons,  Fig.  1) 
we  investigated  the  effects  of  immunophilin  ligands 
(Table  1)  on  neurite  outgrowth.  After  2  days  in  culture, 
the  vehicle-treated  primary  DA  neurons  developed 
fairly  short,  unbranched  TH+  neurites  (Fig.  lA). 
Treatment  of  cultures  for  2  days  with  the  immunophi¬ 
lin  ligand  V-10,367  produced  a  significantly  larger 
number  of  neurites  from  each  TH+  neuron  (Fig.  IB), 
whereas  treatment  with  FK506  increased  the  length  of 
neurites  from  TH+  neurons  (Fig.  1C).  We  quantified 
these  effects  as  previously  described  (10).  Briefly,  each 
neurite  from  a  TH+  neuron  was  traced  and  measured 


(in  millimeters)  to  determine  its  length  (elongatiop), 
and  the  number  of  neurites  extending  from  each  TH+ 
neuron  was  counted  (branching).  To  determine  effects 
of  immunophilin  ligands  or  GDNF  on  neuronal  viabil¬ 
ity,  the  total  numbers  of  surviving  neurons  were  ana¬ 
lyzed:  quantification  revealed  no  effect  of  treatment 
with  any  of  the  immunophilin  ligands  or  GDNF  on 
total  number  of  neurons  (mean  number  of  neurons  per 
field  =  128.75;  P  >  0.768)  or  TH+  neurons  (mean 
number  of  TH+  neurons  per  field  =  8.31;  P  >  0.258) 
after  2  days  in  culture. 

Elongation  of  Developing  DA  Neurites 

To  compare  the  trophic  effects  of  immunophilin  li¬ 
gands  to  a  well-known  trophic  factor  for  DA  neurons, 
we  first  determined  the  specific  effects  of  GDNF  on 
neurite  development.  Neurite  outgrowth  was  signifi¬ 
cantly  influenced  by  2-day  treatment  with  GDNF  (Fig. 
2A):  the  average  length  of  TH+  neurites  was  signifi¬ 
cantly  longer  than  that  of  those  in  vehicle-treated  cul¬ 
tures  at  a  range  of  doses.  We  then  compared  this  effect 
with  two  immunophilin  ligands;  FK506  (Fig,  2B)  and 
CsA  (Fig.  2C)  that  bind  their  respective  immunophilins 
and  subsequently  inhibit  calcineurin.  Both  FK506  and 
CsA  significantly  enhanced  elongation  of  neurites  from 
TH+  neurons.  We  then  analyzed  two  immunophilin 
ligands  that  do  not  inhibit  calcineurin:  V-10,367  (Fig. 
2D)  and  rapamycin  (Fig.  2E).  These  compounds  had  no 
effect  on  the  length  of  TH+  neurites.  Interestingly, 
rapamycin  showed  a  significant  decrease  in  the  length 
of  neurites  at  some  doses  (Fig.  2E). 

Branching  of  Developing  DA  Neurites 

We  next  determined  whether  GDNF  could  affect  the 
number  of  neurites  extending  from  primary  DA  neu¬ 
rons.  In  contrast  to  elongation,  neurite  branching  was 
not  enhanced  with  GDNF  (Fig.  3A).  On  the  contrary, 
there  tended  to  be  fewer  neurites  per  TH+  neuron  than 
in  vehicle-treated  cultures  at  one  dose.  FK506  did  not 
enhance  branching  at  the  doses  that  caused  elongation 
of  neurites  (Fig.  3B);  however,  at  one  low  dose  (0,01 
jlcM),  a  higher  number  of  neurites  was  observed.  The 
immunophilin  ligand  CsA  had  no  effect  on  branching 
(Fig.  3C).  In  contrast,  the  two  compounds  that  do  not 
inhibit  calcineurin  (V-10,367  and  rapamycin)  showed 
significantly  enhanced  branching  of  TH+  neurites 
(Figs.  3D  and  3E,  respectively).  The  most  robust  effect 
with  V-10,367  was  observed  at  0.05  jaM,  when  DA 
neurons  developed  2X  the  number  of  TH+  neurites 
that  the  vehicle-treated  cultures  developed. 

Relationship  between  Branching  and  Elongation  of 

Developing  DA  Neurites 

In  all  cases  where  a  compound  produced  a  significant 
effect  on  DA  neurite  development  (as  previously  ob- 


IMMUNOPHILIN  LIGANDS  ENHANCE  DOPAMINE  NEURITE  OUTGROWTH 


63 


> 

Concentration  (|ulM) 


FIG.  2.  Elongation  of  developing  DA  neurites.  Length  of  TH4-  neurites  (percentage  control)  from  primary  cultures  of  E14  VM  after  2  days 
of  treatment.  GDNF  produced  significantly  longer  neurites  from  TH+  neurons  (A),  as  did  FK506  (B)  and  CsA  (C).  The  immunophilin  ligand 
V- 10, 367,  which  does  not  inhibit  the  phosphatase  calcineurin,  showed  no  change  in  length  of  TH+  neurites  (D),  while  rapamycin,  which  also 
does  not  inhibit  calcineurin,  showed  a  significant  decrease  in  length  of  TH+  neurites  (E).  Tukey-Kramer  HSD,  *P  <  0.05;  error  bars 
represent  SEM. 
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FIG.  3.  Branching  of  developing  DA  neurites.  Number  of  TH+  neurites  (percentage  control)  from  primary  cultures  of  E14  VM  after  2  days 
of  treatment.  GDNF  showed  a  decrease  in  branching  of  TH+  neurites  only  at  the  lowest  dose  (A),  while  FK506  showed  a  slight  branching 
effect  at  its  lowest  dose  (B).  CsA  showed  no  effect  on  branching  of  TH+  neurites  (C).  V- 10,367  (D)  and  rapamycin  (E),  compounds  that  do  not 
inhibit  the  phosphatase  calcineurin,  both  showed  significantly  enhanced  branching  of  TH+  neurites.  Tukey-Kramer  HSD,  *P  <  0.05;  error 
bars  represent  SEM. 
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served  with  classic  neurotrophic  factors  (36)),  a  bell¬ 
shaped  dose-response  curve  was  apparent  (see  Figs.  2 
and  3).  In  several  cases  when  neurons  showed  en- 
•hanced  elongation  they  did  not  simultaneously  show 
increased  branching,  and  vice  versa.  For  instance,  two 
doses  of  rapamycin  (0.05  and  0.1  juM)  significantly 
enhanced  branching  (Fig.  3E),  whereas  these  doses 
showed  significantly  shorter  TH+  netirites  (Fig.  2E). 
Conversely  the  elongation  produced  by  0.005  and  0.01 
fxM  CsA  (Fig.  2C)  was  paralleled  by  a  trend  toward 
decreased  branching  at  these  doses  (Fig.  3C).  Simi¬ 
larly,  the  only  dose  of  FK506  that  did  induce  branching 
(0.01  [jM,  Fig.  3B)  showed  the  lowest  value  of  neurite 
length  (Fig.  2B). 

Pharmacological  Targets  of  Trophic  Effects 

To  further  define  the  intracellular  mechanisms  in¬ 
volved  in  the  elongation  and  branching  observed,  we 
determined  the  presence  of  the  immunophilin  FKBP12 
in  VM  cultures.  FKBP12  was  expressed  in  these  neu¬ 
rons  after  2  days  in  culture  (Fig.  4A)  and  colocalized 
with  TH+  neurons  (Figs.  4B  and  4C).  We  used  combi¬ 
nations  of  V-10,367  or  rapamycin  with  FK506  to  deter¬ 
mine  whether  the  elongation  effect  of  FK506  involved 
signaling  through  calcineurin  via  its  interaction  with 
FKBP12.  Rapamycin  and  V-10,367  also  bind  FKBP12 
and  compete  with  FK506  for  FKBP12  binding  sites. 
FK506  (1.0  fjiM)  did  not  elongate  TH+  neurites  in  the 
presence  of  V-10,367  or  rapamycin  (0.5  and  1.0  pM, 
Fig.  4D).  This  effect  was  observed  with  0.5  pM  FK506 
as  well  (data  not  shown).  However,  V-10,367  and  rapa¬ 
mycin  were  able  to  induce  branching  in  the  presence  of 
FK506  (Fig.  4E). 

DISCUSSION 

Distinct  Growth-Promoting  Effects  of  Immunophilin 

Ligands 

In  the  present  study,  we  show  that  immunophilin 
ligands  can  enhance  branching  or  elongation  of  neurite 
outgrowth  from  DA  neurons.  The  identification  of  dis¬ 
tinct  aspects  of  neurite  development  allowed  us  to 
pharmacologically  dissect  specific  effects  of  various  im¬ 
munophilin  ligands  and  compare  their  effects  with 
those  of  GDNF.  The  distinction  between  branching  and 
elongation  of  neurites  has  previously  been  demon¬ 
strated  when  developing  DA  neurons  are  grown  in  the 
presence  of  growth  factors  (1,  5,  71)  or  their  target 
striatal  cells  (14,  34,  62).  For  instance,  exposure  of  VM 
neurons  to  conditioned  medium  from  VM  induces 
growth  of  dendrite-like  neurites  (short  with  a  high 
number  of  branches),  while  striatal-conditioned  me¬ 
dium  stimulates  growth  of  axon-like  neurites  (62). 
Though  we  did  not  differentiate  between  axons  and 
dendrites  (90%  of  neurites  were  MAP+,  making  selec¬ 


tive  analysis  unreliable,  Costantini  et  al,  unpublished 
observations),  independent  regulation  of  axonal  and 
dendritic  initiation  and  elongation  from  DA  neurons 
may  play  a  role  in  the  effects  observed  here.  Studies 
have  shown  GDNF-induced  neurite  outgrowth  from 
peripheral  (16,  44)  and  VM  neurons  in  culture  (18,  36, 
47)  or  after  transplantation  of  VM  tissue  into  adult 
brain  (2,  29,  40,  61,  63,  80).  Though  the  most  promi¬ 
nent  infiuence  of  GDNF  upon  developing  DA  neurons 
is  enhanced  survival  (17,  43,  46),  we  did  not  observe 
this  effect,  most  likely  due  to  the  short  time  course  of 
our  studies. 

Several  studies  have  observed  enhanced  neurite  out¬ 
growth  with  immunophilin  ligands  that  do  not  inhibit 
calcineurin  (26,  67);  however  these  studies  utilized 
transformed  cell  lines  (dependent  on  NGF  for  out¬ 
growth)  and  DRG  explants  and  did  not  quantify  differ¬ 
ences  between  elongation  and  branching.  The  primary 
DA  neuron  cultures  used  in  the  present  study  were 
chosen  as  a  more  physiologic  system  for  analyzing  neu¬ 
rite  outgrowth  than  growth  factor-responsive  cell  lines 
or  peripheral  culture  systems. 

Generally,  growth-promoting  effects  of  neurotrophic 
factors  depend  on  receptor  activation.  The  primary  in¬ 
tracellular  receptors  for  the  immunophilin  ligands  are 
FKBPs  and  cyclophilins,  immunophilins  that  are 
highly  expressed  in  the  adult  rat  brain  (13,  68).  The 
expression  of  FKBP12  in  fetal  VM  cultures  shown  here 
suggests  a  physiological  role  for  this  protein  in  devel¬ 
oping  DA  neurons.  The  observed  expression  of  FKBP12 
in  all  cells  in  VM  cultures  suggests  that  the  immu¬ 
nophilin  ligands  may  also  affect  the  GABA  neurons 
present  in  these  cultures.  However,  these  GABA  neu¬ 
rons  do  not  extend  neurites  to  the  same  extent  as  DA 
neurons  after  2  days  in  culture.  GABA  markers  stained 
approximately  90%  of  the  cells  and  neurites,  making 
analysis  of  neurites  from  individual  cells  unreliable. 
No  obvious  changes  in  neurite  outgrowth  were  ob¬ 
served  in  this  neuronal  population  after  treatment 
with  immunophilin  ligands  or  GDNF  (Costantini  et  al., 
unpublished  observations).  Alternatively,  the  immu¬ 
nophilin  ligands  may  be  acting  through  other  immu¬ 
nophilins  such  as  FKBP13  (77),  FKBP25  (22),  or 
FKBP52  (24,  72). 

The  receptor  for  CsA  is  the  immunophilin  cyclophilin 
(31),  also  expressed  in  the  substantia  nigra  (13). 
Though  CsA  shows  an  affinity  for  its  immunophilin 
that  is  10-fold  lower  than  FK506  has  for  FKBP12  (67), 
we  observed  enhanced  elongation  at  lower  doses  with 
CsA  than  with  FK506.  This  suggests  that  pathways 
other  than  the  CsA/cyclophilin  interaction  may  be  in¬ 
volved.  In  contrast  to  our  results,  CsA  prevented  ax¬ 
onal  elongation  in  cultured  cerebellar  neurons  with  no 
effect  on  neurite  formation  (19)  and  did  not  increase 
axonal  regeneration  in  the  sciatic  nerve  model  (78), 
suggesting  that  cyclophilin-mediated  trophic  effects 
may  not  be  active  in  these  specific  neuronal  systems. 
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FIG.  4.  Intracellular  interactions  of  immunophilin  ligands.  (A)  The  immunophilin  FKBP12  (green)  is  expressed  in  all  neurons  of  primary 
cultures  from  E14  VM  at  2  DIV.  (B)  The  same  field  showing  TH+  neurons  (red).  (C)  Colocalization  of  FKBP12  and  TH+  neurons  (yellow). 
(D)  FK506-induced  elongation  can  be  inhibited  by  compounds  that  compete  for  FKBP12-binding  sites,  such  as  V-10,367  and  rapamycin  (E) 
Branching  can  occur  with  V-10,367  and  rapamycin  in  the  presence  of  FK506.  Tukey-Kramer  HSD,  *P  <  0.05;  error  bars  represent  SEM 


The  bell-shaped  immunophilin  ligand  dose-response 
curves  in  the  present  study  suggest  an  optimal  immu¬ 
nophilin  ligand  concentration  for  maximal  trophic  ef¬ 
fects.  Such  effects  have  previously  been  explained  by 
the  “set-point  hypothesis”  of  both  growth  factors  and 


Ca+  levels  (41,  55),  where  optimal  trophic  effects  are 
observed  with  a  mid  level  of  growth  factor  or  Ca+  level 
and  low  or  high  levels  produce  suboptimal  or  even  toxic 
effects.  Consistent  with  our  present  results  (though 
inherent  variability  may  also  be  responsible  for  the  bell 
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shapes  of  these  curves),  a  bell-shaped  dose-response 
curve  has  been  observed  for  optimal  trophic  effects  of 
GDNF  and  FK506  (36,  78).  Neurite  sprouting  and  elon¬ 
gation  are  promoted  only  when  intracellular  lev¬ 
els  are  within  a  permissive  range  (53-55,  60).  Immu- 
nophilin  ligands  have  been  shown  to  regulate  Ca+ 
levels  via  their  interactions  with  two  Ca^*  channels 
found  in  the  brain,  the  ryanodine  receptor  (RyR),  and 
the  inositol  triphosphate  receptor  (IP3R)  (7,  8,  37,  38, 
66).  Furthermore,  these  receptors  are  expressed  in  the 
primary  VM  neurons  used  in  the  present  studies 
(Costantini,  unpublished  observations). 

Role  of  Phosphorylation  in  Elongation  or  Branching 

of  DA  Neurites 

We  observed  enhanced  elongation  with  immunophi- 
lin  ligands  that  inhibit  the  phosphatase  activity  of 
calcineurin  (48)  through  their  binding  to  their  respec¬ 
tive  immvmophilins  (31,  32),  as  well  as  with  GDNF 
which  requires  phosphorylation  for  its  trophic  effects 
(35).  Calcineurin  is  expressed  in  the  substantia  nigra 
(13,  27),  and  its  inhibition  maintains  the  phosphoryla¬ 
tion  levels  of  several  substrates  (12,  28,  42,  52,  64,  68) 
that  are  critically  involved  in  neuronal  outgrowth  (51, 
54).  Moreover,  inhibition  of  calcineurin  by  a  FK506 
analog  (ascomycin)  stabilized  F-actin  in  cultured  hip¬ 
pocampal  neurons  (30),  suggesting  a  role  for  cal¬ 
cineurin  in  c5d;oskeletal  systems  during  neurite  elon¬ 
gation  (28). 

In  our  study,  the  elongation  observed  with  ligands 
inhibiting  calcineurin  was  also  observed  with  GDNF. 
The  GDNF  receptor  system  consists  of  GDNF  family 
receptor  al  (GFR  al)  and  the  tyrosine  kinase  Ret  (39), 
both  of  which  are  expressed  in  developing  VM  (4,  18, 
74,  79).  Activation  of  Ret  tyrosine  kinase  activity  by 
GDNF  results  in  formation  of  neuritogenesis-associ- 
ated  lamellipodia  (75),  and  tyrosine  kinase  inhibitors 
suppress  GDNF-induced  neurite  outgrowth  in  cell 
lines  (35).  Thus,  the  compounds  in  our  study  that 
showed  enhanced  elongation  of  DA  neurites  are  known 
to  maintain  phosphorylation  levels  within  the  cell,  ei¬ 
ther  through  kinase  activation  (GDNF)  or  through  in¬ 
hibition  of  calcineurin  (FK506  and  CsA).  Assays  deter¬ 
mining  phosphorylation  states  of  growth-associated 
proteins,  such  as  GAP43  (6),  microtubule-associated 
proteins  (45),  nitric  oxide  synthase  (12),  actin  depoly¬ 
merization  factor  (56),  and  GTPases  (23)  are  required 
to  fully  evaluate  this  hypothesis.  Alternatively,  the 
folding  of  cytoskeletal  proteins,  receptors,  or  ion  chan¬ 
nels  (33)  through  the  rotamase-inhibitory  effects  of 
immunophilin  ligands  may  alter  extension  and  branch¬ 
ing  of  developing  neurites  (32,  33). 

Given  the  enhanced  branching  of  DA  neurites  ob¬ 
served  with  rapamycin  and  V-10,367,  a  mechanism 
independent  of  calcineurin  inhibition  for  trophic  effects 
must  be  in  play.  Other  evidence  supporting  a  cal- 


cineurin-independent  trophic  mechanism  is  the  neuro¬ 
protection  and  regeneration  observed  with  immu¬ 
nophilin  ligands  that  do  not  inhibit  calcineurin  (10,  26, 
67).  We  investigated  the  role  of  calcineurin  in  these 
growth-promoting  elfects  by  combining  either  V-10,367 
or  rapamycin  with  FK506.  Rapamycin  is  a  competitive 
inhibitor  of  FK506  due  to  its  higher  affinity  for 
FKBP12  (15)  (and  we  found  that  rapamycin  produced 
its  trophic  effects  on  DA  neurites  at  concentrations 
lower  than  those  of  FK506,  reflecting  a  higher  poten¬ 
cy).  Both  rapamycin  and  V-10,367  antagonized  the  ef¬ 
fects  of  FK506  on  elongation,  presumably  by  competing 
for  FKBP12-binding  sites  and  decreasing  the  ability  of 
FK506  to  inhibit  calcineurin.  At  the  lower  doses  of 
competing  V-10,367  and  rapamycin,  FK506-induced 
elongation  was  blocked  but  no  branching  occurred. 
However,  at  the  higher  doses  of  V-10,367  and  rapamy¬ 
cin,  branching  did  occur,  even  in  the  presence  of 
FK506.  These  results  support  the  requirement  for 
maintained  phosphorylation  to  obtain  enhanced  elon- 
gation  of  DA  neurites. 

The  antagonism  of  elongation  (and  reappearance  of 
branching)  elucidate  the  intrinsic  abilities  of  develop¬ 
ing  DA  neurons  to  either  elongate  or  branch,  but  not 
both.  During  development,  when  DA  axons  reach  their 
target,  they  stop  elongating  and  begin  to  branch  exten¬ 
sively  (57).  Growth  cone  motility  is  directly  related  to 
neurite  branching  and  stabilizes  outgrowth  by  holding 
elongation  rate  at  a  submaximal  level  (55).  In  this  way, 
imder  conditions  of  neurite  branching  (as  with 
V-10,367  and  rapamycin),  neurites  would  show  re¬ 
duced  elongation. 

In  contrast  to  our  observations,  the  enhancement  of 
NGF-induced  outgrowth  from  PC12  cells  and  DRG  by 
FK506  was  not  blocked  by  rapamycin,  yet  rapamycin 
alone  enhanced  outgrowth  in  these  systems  (50,  70).  In 
a  separate  study,  FK506  and  CsA  inhibited  the  NGF- 
induced  neurite  extension  and  neuritogenesis  from 
DRG,  while  rapamycin  inhibited  only  extension  (9). 
The  intracellular  pathways  present  in  PC  12  and  DRG 
cells  are  different  than  those  in  the  primary  DA  culture 
system  used  in  the  present  study,  in  which  we  observe 
rapamycin-associated  pathways  contributing  to  in¬ 
creased  branching  of  DA  neurites. 

In  conclusion,  this  study  provides  insight  into  the 
growth-promoting  effects  of  immunophilin  ligands  on 
the  DA  system.  Dopaminergic  neurons  of  the  substan¬ 
tia  nigra  start  elongating  axons  toward  their  striatal 
target  soon  after  final  differentiation  around  Embry¬ 
onic  Day  12;  then  these  axons  branch  extensively  to 
innervate  the  striatum  (76).  During  this  phase,  the 
developing  neuron  (both  in  culture  and  in  brain)  is 
expressing  and  responding  to  specific  proteins  that  af¬ 
fect  neuritogenesis  and  elongation  (6,  17).  The  con¬ 
trasting  effects  we  observed  on  branching  and  elonga¬ 
tion  by  different  immunophilin  ligands  and  GDNF  sug¬ 
gest  that  these  molecules  differentially  modify  the 
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activities,  expression,  or  structural  states  of  proteins 
involved  in  neurite  outgrowth.  These  observations  may 
be  relevant  to  recent  trophic  effects  observed  in  vivo 
with  immunophilin  ligands  (10,  26,  67).  Additional 
studies  are  required  to  further  elucidate  the  biochem¬ 
ical  and  molecular  pathways  involved  in  these  growth- 
promoting  effects. 
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Abstract — Neuroimmunophilin  ligands  have  been  shown  to  enhance  neuiite  outgrowth  in  several  neuronal  systems  in  culture, 
including  primary  dopaminergic  neurons  from  fetal  ventral  mesencephalon.  We  investigated  the  ability  of  neuroimmunophilin 
ligands  to  enhance  outgrowth  of  transplanted  fetal  dopamine  neurons  in  vivo.  Rats  with  unilateral  6-hydroxydopamine  lesions  of  the 
nigrostriatal  dopamine  system  were  transplanted  with  rat  embryonic  day  14  ventral  mesencephalon  into  the  striatum,  then  treated 
orally  with  a  neuroimmunophilin  ligand  (15  mg/kg)  or  vehicle  once  per  day  for  14  days.  All  transplanted  animals  regained 
dopamine  function  over  a  10  week  behavioral  test  period,  as  indicated  by  decrease  and  reversal  of  amphetamine-induced  rotation. 
In  addition,  neuroimmunophilin  ligand-treated  animals  showed  a  more  pronounced  motor  response  during  the  first  10  min  after 
amphetamine  injection,  possibly  reflecting  increased  striatal  reinnervation  or  increased  functional  capacity.  At  post-mortem 
analyses,  neuroimmunophilin  ligand-treated  rats  showed  a  significantly  higher  density  of  tyrosine  hydroxylase-positive  fibers 
reinnervating  the  lesioned  striatum,  both  immediately  surrounding  the  transplant  (92%  of  unlesioned  density  in  neuroimmunophilin- 
treated  rats  vs  67%  of  unlesioned  levels  in  vehicle-treated  rats)  and  at  some  distance  from  the  transplant/host  interface.  The  number 
of  tyrosine  hydroxylase-positive  cells  within  the  transplants  was  not  different  between  groups.  This  study  demonstrates  that  short¬ 
term  oral  administration  of  a  neuroimmunophilin  ligand  can  enhance  neurite  outgrowth  from  fetal  dopamine  neuronal  transplants. 
©  2000  IBRO.  Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 
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The  discovery  that  immunosuppressive  drugs  such  as  FK506 
show  trophic  effects  in  several  neuronal  systems  in  culture 
and  in  9, 12, 17,21, 25, 37,4 1,44  stimulated  the  design  of  com¬ 

pounds  that  bind  the  immunophilin  FKBP12  (FK506-binding 
protein,  12kDa)  but  do  not  inhibit  the  phosphatase  calci- 
neurin.^  Investigations  of  these  neuroimmunophilin  ligands 
revealed  neurotrophic  effects  in  cell  culture  and  in 
We  demonstrated  that  neuroimmunophilin  ligands 
could  increase  neurite  outgrowth  from  primary  fetal  dopa¬ 
mine  neurons  in  culture. Based  on  these  findings,  we 
asked  whether  such  fetal  neurons  could  maintain  responsive¬ 
ness  to  neuroimmunophilin  ligands  after  transplantation  into 
adult  rat  brain. 

Animal  studies  have  shown  that  fetal  dopamine  neuron 
transplants  can  survive,  develop  and  functionally  reinnervate 
the  dopamine-denervated  striatum  (reviewed  in  Ref.  13). 
Clinical  trials  of  this  procedure  in  Parkinson’s  disease  patients 
have  produced  encouraging  results,  yet  not  all 

parkinsonian  signs  and  motor  deficits  are  relieved.  Post¬ 
mortem  studies  of  current  transplant  methodologies  show 
low  survival  of  transplanted  dopamine  fetal  cells  (approxi¬ 
mately  5-10%)  and  partial  reinnervation  of  the  host  striatum. 
Although  the  survival  of  transplanted  dopamine  neurons  is 
critical  for  this  therapy,  and  several  strategies  have  been 
utilized  to  enhance  the  survival  of  transplanted 
cells, the  axonal  outgrowth  and 
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Abbreviations:  ANOVA,  analysis  of  variance;  E,  embryonic  day;  EDTA, 
ethylenediaminetetra-acetate;  FKBP12,  FK506-binding  protein,  12  kDa; 
HBSS,  Hank’s  buffered  saline  solution;  mfb,  medial  forebrain  bundle; 
OD,  optical  density;  TH,  tyrosine  hydroxylase;  VM,  ventral  mesencephalon. 


synaptic  integration  of  the  transplanted  neurons  may  be  even 
more  important  for  complete  and  sustained  symptomatic  relief. 
Although  animal  studies  have  shown  increased  transplant- 
derived  reinnervation  with  growth  factors,  the  utiliza¬ 
tion  of  these  neurotrophic  protocols  in  the  clinical  setting  has 
been  difficult  to  accomplish  owing  to  difficulties  in  adminis¬ 
tration  and  pharmacokinetics.^® 

EXPERIMENTAL  PROCEDURES 

Lesion  surgery 

Female  Sprague -Dawley  rats  (Charles  River)  received  unilateral 
stereotaxic  injections  of  6-hydroxydopamine  (6-OHDA;  Sigma,  St 
Louis,  MO;  5  |xg/|xl  free  base  in  0.2%  ascorbic  acid/saline)  into  the 
right  medial  forebrain  bundle  (mfb)  under  ketamine/xylazine  anesthe¬ 
sia  (60  mg/kg  and  3  mg/kg,  respectively).  Two  microliters  of  6-OHDA 
was  injected  at  the  following  coordinates  (calculated  from  Bregma): 
AP:  -4.4;  L:  -1.3;  V:  -7.7;  TB:  -2.3  at  a  rate  of  0.5  |xl/min,  with  a 
2  min  period  allowed  for  diffusion  prior  to  slow  removal  of  the  needle. 
Three  months  after  lesion,  animals  were  injected  with  3  mg/kg  d- 
amphetamine  intraperitoneally,  and  placed  (randomized)  into  auto¬ 
mated  rotometer  bowls;  full-body  turns  ipsilateral  and  contralateral 
to  the  lesion  were  monitored  over  a  90  min  period  via  a  computerized 
activity  monitor  system,  and  animals  were  balanced  into  two  groups  by 
this  pretransplant  rotation  score. 

Transplantation  and  treatment 

One  month  after  pretransplant  rotational  analyses,  lesioned  animals 
were  transplanted  with  a  cell  suspension  from  the  ventral  mesencepha¬ 
lon  (VM).  Embryonic  day  (E)  14  rat  fetuses  were  removed  from  preg¬ 
nant  females  and  placed  into  ice-cold  Ca^'^/Mg^'^-free  phosphate- 
buffered  saline.  VM  tissue  was  dissected,  incubated  in  0.1%  ^psin 
(Sigma)/0.5  mM  EDTA  for  20  min  at  37°C,  washed  with  Ca^^/Mg^^- 
free  Hank’s  buffered  saline  solution  (HBSS)  containing  0.1%  DNAse 
(Sigma)/20  mM  glucose,  and  triturated  in  the  same  solution  through  a 
series  of  fire-polished  Pasteur  pipettes  of  diminishing  diameters  until  a 
milky  suspension  was  obtained.  Cell  counts  and  viability  were  deter¬ 
mined  by  dye-exclusion  techniques  (acridine  orange/ethidium  bromide). 
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rotation  interval 

Fig.  1.  Amphetamine-induced  rotations  of  transplanted  animals.  (A) 
Amphetamine-induced  rotation  analyses  took  place  prior  to  transplantation 
and  two,  five,  eight  and  10  weeks  post-transplantation.  Both  groups  showed 
significant  decreases  in  rotation  scores  by  five  weeks  post-transplant,  and 
maintained  this  compensation  at  eight  and  10  weeks.  Values  are  given  as 
means  ±  S.E.M.  of  full  body  turns  ipsilaterally  (positive  values)  or  contral- 
aterally  (negative  values)  over  90  min.  No  differences  were  observed 
between  V-10,367-  («  =  9)  and  vehicle-treated  (w  =  8)  groups.  *P<0.05 
compared  to  pre-transplant  rotation  scores;  <  0.05  compared  to  two 
weeks  post-transplant  scores,  (B)  Amphetamine-induced  rotations  at  10- 
min  intervals  over  90  min  (combined  eight  and  10  weeks  post-transplant 
sessions).  Note  the  high  rate  of  rotation  in  V-10,367-treated  animals  during 
the  first  10  min  after  amphetamine  injection  (rotation  interval  2)  compared 
with  vehicle-treated  animals.  *P<0.05,  V-10,367-treated  animals  signifi¬ 
cantly  different  from  vehicle-treated  animals. 


Two  microliters  of  a  suspension  containing  —100,000  cells/ |xl  (total  of 
200,000  cells/transplant)  were  injected  into  one  striatal  site  of 
previously  lesioned  rats  at  the  following  coordinates:  AP:  +1.0;  L: 
—3.0;  V:  —5.0;  TB:  0.  Cells  were  injected  using  a  10  [ml  Hamilton 
syringe  with  a  Hamilton  cannula  at  a  rate  of  0.5  |jil/min,  with  a  2  min 
period  allowed  for  diffusion  prior  to  slow  removal  of  the  needle. 
Animals  were  treated  with  V-10,367  (15  mg/kg/day,  qd  via  oral  intu¬ 
bation)  or  vehicle  (water/propylene  glycol/ethanol  at  a  ratio  of  5:4:1, 
respectively)  beginning  the  day  of  transplant,  and  continuing  for  14 
days.  Numbers  of  animals  per  group  were  10  in  V-10,367-treated 
group  and  n  =  9  m  vehicle-treated  group. 

Functional  and  morphological  analyses  of  dopamine  cell  transplants 

At  two,  five,  eight  and  10  weeks  post-transplant,  animals  were 
again  tested  for  AMPH-induced  rotation.  Analysis  of  variance 
(ANOVA)  for  repeated  measures  with  correction  for  multiple 


comparisons  was  used  to  determine  differences  over  time  with  post- 
hoc  analyses  when  significant  F  ratios  were  present  [in  IMP  Version 
3.1;  SAS  Institute,  NC). 

Ten  weeks  after  transplantation,  animals  were  perfused  with  4% 
paraformaldehyde  in  0.1  M  phosphate  buffer.  Brains  were  removed 
and  postfixed  for  6  h  then  transferred  to  20%  sucrose  for  12  h.  Brains 
were  sliced  into  40  p.m  sections  on  a  freezing  microtome  and  pro¬ 
cessed  for  tyrosine  hydroxylase  (TH)  immunocytochemistry.  Sections 
were  incubated  in  primary  TH  polyclonal  antibody  (Pel  Freeze,  1:500) 
overnight  at  room  temperature,  then  incubated  with  biotinylated 
goat  anti-rabbit  secondary  antibody  and  avidin-biotin  complex 
(ABC  Elite,  Vector),  and  visualized  with  3,3^-diaminobenzidine 
(DAB,  Sigma). 

The  number  of  TH^  cells  in  every  sixth  section  of  the  transplant  was 
counted.  These  counts  were  added,  multiplied  by  six  and  corrected 
according  to  Abercrombie.^  The  extent  and  density  of  TH^  fiber 
outgrowth  into  host  striatum  was  quantified  using  NIH  Image  1.61 
(adopted  from  Refs  11,  18,  34  and  47).  In  brief,  two  striatal  sections 
per  rat,  200  imm  apart  within  the  rostral-to-caudal  region  of  the  trans¬ 
plant,  were  digitally  captured  by  an  investigator  blinded  to  treatment. 
Using  calibrated  lOOXlOOfxm  digital  overlay  squares,  beginning 
immediately  adjacent  to  the  transplant  perimeter  and  extending  in 
horizontal  bands  medially  and  laterally  to  the  edges  of  the  striatum, 
optical  density  (OD)  measurements  were  taken  at  progressively  greater 
distances  from  the  transplant/host  interface.  No  significant  differences 
were  seen  when  medial  and  lateral  measurements  were  compared  with 
those  taken  from  ventral,  medial-ventral,  or  lateral-ventral  bands 
extending  from  the  transplant  perimeter  to  the  edges  of  host  striatum. 
All  lateral  and  medial  measurements  were  summed  for  each  distance 
from  the  transplant/host  interface  to  obtain  an  average  fiber  density 
at  each  distance  from  the  interface.  Measurements  of  unlesioned 
contralateral  striatum  were  obtained,  and  corpus  callosum  OD 
measurements  were  subtracted  from  each  measurement  as  assay  back¬ 
ground.  Data  are  expressed  as  percent  unlesioned  striatal  OD,  and 
analysed  by  Student’s  r-test  at  each  interval  from  the  transplant  peri¬ 
meter.  One  animal  from  each  group  was  excluded  due  to  absence  of 
surviving  transplant;  analyses  thus  included  n  =  9  in  the  V- 10,367- 
treated  group,  and  «  =  8  in  the  vehicle-treated  group.  All  efforts 
were  made  to  minimize  both  the  suffering  and  the  number  of  animals 
used,  and  all  experiments  conformed  to  the  lACUC  guidelines  on  the 
ethical  use  of  animals. 

RESULTS 

The  effects  of  orally  administered  neuroimmunophilin 
ligand  on  growth  and  survival  of  dopamine  transplants  into 
fully  lesioned  rat  striatum  were  assessed  by  functional  and 
morphological  analyses.  Oral  neuroimmunophilin  ligand 
treatment  (V-10,367  at  15  mg/kg/day,  p.o.)  began  on  the 
day  of  transplantation  and  continued  for  14  days.  Rats  were 
killed  10  weeks  after  transplantation. 

Effects  of  neuroimmunophilin  ligand  on  the  function  of 
dopaminergic  transplants 

Unilaterally  lesioned  rats  rotate  ipsilateral  to  the  lesioned 
hemisphere  when  injected  with  the  dopamine-releasing  drug 
amphetamine.  A  decrease  in  this  rotation  after  transplantation 
to  the  lesioned  striatum  indicates  a  capacity  for  dopamine 
release  within  the  transplanted  striatum,  and  is  a  measure  of 
functional  efficacy  of  dopamine  transplants.  One  month  prior 
to  transplantation,  and  at  several  time-points  after  transplan¬ 
tation  (two,  five,  eight  and  10  weeks),  animals  were  tested  for 
amphetamine-induced  rotation.  All  animals  showed  high 
levels  of  rotation  ipsilateral  to  the  lesion  prior  to  transplanta¬ 
tion  (Fig.  1  A,  average  of  609.9  ipsilateral  tums/90  min  ±  62). 
Two  weeks  after  transplantation,  animals  in  both  V- 10,367- 
treated  and  vehicle-treated  groups  showed  decreases  in  ipsi¬ 
lateral  rotations  (Fig.  lA,  average  of  368.6  ipsilateral  turns/ 
90  min  ±  66).  By  five  weeks  post-transplant,  both  groups 
showed  complete  normalization  (Fig.  lA,  average  of  89.8 
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contralateral  tums/90min  ±54.1),  significantly  lower  than 
•  both  pretransplant  scores  and  two  week  post-transplant 
scores.  There  was  a  tendency  for  increased  contralateral  rota¬ 
tions  at  eight  weeks  (Fig.  lA,  average  of  172.4  contralateral 
tums/90  min  ±  68.1)  that  was  maintained  at  10  weeks  post¬ 
transplant  (Fig.  lA,  average  of  148.4  contralateral  turns/ 
90  min  ±49).  All  animals  showed  significant  functional 
effects  of  the  transplant  regardless  of  treatment  (repeated 
measures  MANOVA,  F4, 12  =18.99;  P<  0.0001);  no  differ¬ 
ences  were  observed  between  vehicle-  and  V-10,367-treated 
transplant  groups. 

Further  inspection  of  rotational  behavior  within  each 
90  min  session  revealed  a  marked  tendency  for  higher  rates 
of  contralateral  turning  within  the  first  10  min  after  amphet¬ 
amine  injection  in  V-10,367-treated  animals,  with  rotation 
scores  becoming  similar  between  the  two  groups  thereafter 
for  the  rest  of  the  90  min  session.  This  tendency  became 
apparent  at  five  weeks  post-transplant,  and  reached  signifi¬ 
cance  between  groups  at  eight  weeks  {P  =  0.05),  with  a  strong 
trend  at  10  weeks  (P  =  0.09)  post-transplant.  To  illustrate  this 
effect,  rotation  scores  from  eight  and  10  weeks  were 
combined  (Fig.  IB). 

Effects  of  neuroimmunophilin  ligand  on  the  growth  of 
dopaminergic  transplants 

Four  days  after  final  behavioral  testing  (10  weeks  post¬ 
transplant),  animals  were  perfused  and  brain  sections 
immunohistochemically  stained  for  TH.  Transplants  con¬ 
sisted  of  aggregates  of  TH^  cell  bodies  placed  within  the 
central  or  dorsolateral  region  of  the  striatum,  projecting 
TPT^  fibers  into  the  transplant  core  and  out  into  the  host 
denervated  striatum  (Fig.  2A,  B).  The  density  and  extent  of 
reinnervation  of  the  lesioned  host  striatum  from  the  trans¬ 
planted  cells  was  significantly  higher  in  V-1 0,3 67 -treated 
animals  (Fig.  2A)  than  the  vehicle-treated  animals  (Fig. 
2B).  Quantification  of  the  density  and  extent  of  reinnervation 
was  measured  by  OD  analyses  beginning  at  the  transplant 
perimeter  and  extending  out  into  host  striatum  at  100  p>m 
increments  (Fig.  2C).  In  V-10,367-treated  rats,  the  density 
of  host  reinnervation  immediately  surrounding  the  transplant 
was  92%  of  unlesioned  levels,  while  in  vehicle-treated 
animals  this  region  showed  67%  of  unlesioned  innervation 
(Fig.  2C).  As  the  distance  from  the  transplant/host  interface 
increased,  the  levels  of  reinnervation  decreased  in  both 
groups;  however,  V-10,367-treated  rats  showed  significantly 
higher  levels  of  reinnervation  at  each  distance  (Fig.  2C).  No 
increase  in  host-derived  TH"^  fibers  was  observed  when  OD 
measurements  were  taken  in  the  region  of  the  nucleus  accum- 
bens  in  either  group.  Analysis  of  the  number  of  dopamine 
neurons  within  each  transplant  revealed  an  average  of  1972 
( ±  355)  TH'^  cells  in  V-10,367-treated  rats,  and  an  average 
of  1872  (  ±  469)  TH^  cells  in  vehicle-treated  rats,  showing 
no  significant  differences  between  groups  (F  =  0,85). 

DISCUSSION 

We  have  previously  shown  that  neuroimmunophilin 
ligands  can  enhance  branching  or  elongation  of  neurites 
from  developing  fetal  dopamine  neurons  in  culture. In 
the  present  study,  we  demonstrate  the  continued  responsive¬ 
ness  of  these  fetal  neurons  to  neuroimmunophilin  ligands 
following  transplantation  to  the  adult  brain.  Short-term  oral 


treatment  with  a  neuroimmunophilin  ligand  increased  the 
axonal  outgrowth  from  fetal  dopamine  neurons  after 
transplantation  to  dopamine-denervated  striatum.  Neuro¬ 
immunophilin  ligand  treatment  did  not  increase  the  number 
of  TH"^  neurons,  indicating  the  ability  of  these  compounds  to 
enhance  the  reinnervation  capacity  of  a  limited  number  of 
transplanted  neurons.  V-1 0,3 67- treated  transplanted  animals 
showed  increased  initial  motor  response  after  amphetamine, 
possibly  reflecting  enhanced  capacity  for  dopamine  release  or 
enhanced  synaptic  function. 

Enhancing  growth  of  transplanted  fetal  dopamine  neurons  by 
neuroimmunophilin  ligand 

Several  aspects  of  dopamine  cell  transplantation  require 
improvements  before  this  technique  can  be  widely  utilized 
as  a  treatment  for  Parkinson’s  disease.  Although  clinical 
trials  have  shown  improvements  in  some  motor  symp¬ 
toms,  a  complete  cure  has  not  been  achieved.  In 

order  to  enhance  the  survival  and  development  of  the  trans¬ 
planted  neurons,  several  strategies  have  been  utilized,  includ¬ 
ing  the  use  of  higher  numbers  of  cells  initially  grafted,  free- 
radical  scavengers  added  to  cell  suspension  or  injected  after 
transplantation, inclusion  of  striatal  target  tissue,^’^^"^^ 
addition  of  growth  factors  to  cells  prior  to  transplanta- 
tion2,8,i8,26,27,43,49,50  injectiou  of  growth  factors  after  trans¬ 
plantation.  Although  impressive  results  have  been 

obtained  in  animal  models  with  these  procedures,  their 
implementation  in  a  clinical  setting  has  been  difficult  due  to 
routes  of  administration  (intracranial  cannulation,  repeated 
injeetions  and  anesthetization  prior  to  each  injection)  and 
dosing  parameters. 

Although  survival  of  transplanted  cells  is  crucial  for  beha¬ 
vioral  recovery,  reinnervation  of  the  dopamine-depleted  stria¬ 
tum  must  also  take  place.  This  aspect  of  transplantation  has 
been  difficult  to  improve,  owing  to  the  limited  survival  of 
transplanted  cells.  The  present  study  shows  significantly 
increased  reinnervation  (92%  of  unlesioned  levels  of  dopa¬ 
mine  innervation)  with  neuroimmunophilin  ligand  treatment, 
even  in  the  presence  of  no  higher  number  of  dopamine  cells. 
The  significantly  higher  density  of  transplant-derived  fibers 
was  observed  close  to  the  transplant  perimeter  and  at  a 
distance  from  the  transplant.  This  increased  TH^  fiber  density 
could  indicate  a  higher  number  of  TH'^  fibers  extended  by  the 
transplanted  dopamine  neurons,  which  is  consistent  with  our 
previous  findings  in  culture:  neuroimmunophilin  ligands 
enhanced  neurite  outgrowth  from  fetal  dopamine  neurons 
without  increasing  the  number  of  surviving  dopamine 
neurons. Enhancing  the  degree  of  outgrowth  and  thus 
increasing  the  likelihood  of  synaptic  contacts  in  functionally 
relevant  regions  of  the  striatum  may  play  an  important  role  in 
enhancing  and  sustaining  the  function  of  neuronal  transplants. 
Alternatively,  this  increased  TH’^  fiber  density  could  indicate 
a  higher  expression  of  TH  per  axon  extended  from  the  trans¬ 
planted  dopamine  neurons. 

Effects  of  neuroimmunophilin  ligand  on  motor  response  in 
dopamine  transplanted  animals 

All  transplanted  animals  in  the  present  study  regained 
dopamine  capacity  (decreases  in  overall  amphetamine-induced 
ipsilateral  rotations  to  zero)  by  five  weeks  post-transplant, 
with  eontralateral  rotations  occurring  by  eight  weeks,  and 


Step-distance  from  transplant  perimeter 

Fig.  2.  Transplant  survival  and  host  reinnervation.  Photomicrographs  of  representative  coronal  sections  through  VM  transplants  immunostained  for  TH,  10 
weeks  post-transplantation.  Note  the  increased  fiber  density  extending  into  host  dopamine-denervated  striatum  in  a  V-10,367-treated  animal  {n  =  9)  (A) 
compared  with  a  vehicle-treated  animal  (n  =  8)  (B).  These  two  animals  showed  the  same  number  of  surviving  TH+  cells.  (C)  TH+  fiber  reinnervation  into 
previously  lesioned  host  striatum  from  transplants  was  measured  at  increasing  distances  from  transplant/host  interface.  Data  are  expressed  as  per  cent 
unlesioned  optical  density  within  calibrated  100  |uum  intervals  from  the  transplant/host  interface  to  the  edge  of  the  striatum.  Fiber  density  declined  with 
distance  from  the  transplant  perimeter  in  both  groups;  however,  the  fiber  density  was  significantly  higher  in  V-  10,367-treated  animals  at  most  points.  Error  bars 

represent  S.E.M.  <  0.05  compared  to  vehicle-treated  animals. 


maintained  at  this  level  at  10  weeks  post-transplant.  There 
were  no  differences  between  neuroimmunophilin  ligand-trea¬ 
ted  animals  and  vehicle-treated  animals  in  their  total  number 
of  rotations  over  the  90  min  testing  period.  However,  the 
higher  initial  motor  response  (during  the  first  10  min  after 
amphetamine  injection)  observed  in  V- 10,367-treated 
animals  at  eight  weeks  post-transplant  may  reflect  the 
increased  reinnervation  observed  and/or  increased  functional 
capacity.  Lesion-induced  dopamine  receptor  supersensitivity 
within  the  striatum  is  not  fully  normalized  following  trans¬ 
plantation,  and  treatments  that  increase  the  amount  of  dopa¬ 
mine  released  from  transplants  may  contribute  to  the  initially 
higher  level  of  rotations  observed  here  in  V- 10,367-treated 
animals.  Alternatively,  the  increased  initial  motor  response  in 


V- 10,367-treated  animals  may  reflect  an  effect  of  this 
compound  on  the  endogenous  host  dopamine  system. 
However,  OD  measurements  in  the  region  of  the  nucleus 
accumbens  (at  a  distance  away  from  transplant-derived 
TH'^  innervation)  showed  no  increase  in  TH'^  density 
between  V- 10,367-  and  vehicle-treated  animals,  indicating 
that  V- 10,367  did  not  induce  host  dopamine  sprouting  in 
this  lesion  model.  These  animals  were  completely  dopamine 
denervated  (by  mfb  lesion)  four  months  prior  to  transplanta¬ 
tion  surgery  and  neuroimmunophilin  ligand  treatment. 

The  plateau  in  overall  amphetamine-induced  rotation 
in  both  V- 10,367-  and  vehicle-treated  groups  in  the 
present  study  may  reflect  a  threshold  effect.  Several  studies 
that  have  shown  growth  factor-induced  morphological 
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enhancement  of  transplanted  cells  have  shown  significant 
decreases  in  rotational  behavior  in  both  treated  and  untreated 
groups,  with  no  differences  between  groups.  This 

reflects  a  threshold  of  functional  effects  in  this  behavioral 
test  even  in  the  presence  of  morphological  enhancement. 
Behavioral  compensation  plateaus  at  a  threshold  number  of 
TH^  cells,  after  which  further  compensation  does  not  occur 
even  in  the  presence  of  a  higher  number  of  TR^  cells.  Several 
threshold  numbers  have  been  reported,  ranging  from  300  to 
2500  rat  TH+  cells, and  850  to  1000  pig  TH+ 
cells.  The  survival  of  transplanted  TH'^  neurons  observed 
in  the  present  study  did  not  differ  between  groups,  and  aver¬ 
aged  1924  TH"^  cells.  Therefore,  in  the  present  study,  animals 
may  have  reached  the  maximum  level  of  compensation  in  the 
amphetamine  test  (overall  scores  at  each  time-point)  due  to 
the  high  number  of  surviving  dopamine  cells  in  both  groups, 
or  due  to  threshold  levels  of  amphetamine-induced  dopamine 
release  and  autoregulation  with  the  level  of  reinnervation 
reached  in  both  groups. 


CONCLUSIONS 

These  results  extend  our  previous  studies  showing 
enhanced  neurite  outgrowth  from  fetal  dopamine  neurons  in 
culture  with  neuroimmunophilin  ligands,  by  illustrating  simi¬ 
lar  effects  of  these  compounds  on  fetal  dopamine  neurons 
after  transplantation  to  adult  brain.  The  increased  density  of 
innervation  shown  here  with  two-week  oral  neuroimmuno¬ 
philin  ligand  treatment,  in  the  presence  of  the  same  number 
of  surviving  dopamine  neurons,  indicates  a  potential  for 
these  compounds  to  enhance  reconstruction  of  dopamine- 
denervated  striatal  circuitry. 
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Abstract 

A  new  therapeutic  neurological  and  neurosurgical  methodology  involves  cell  implantation  into  the  living  brain  in  order  to  replace  intrinsic 
neuronal  systems,  that  do  not  spontaneously  regenerate  after  injury,  such  as  the  dopaminergic  (DA)  system  affected  in  Parkinson’s  disease 
(PD)  and  aging.  Current  clinical  data  indicate  proof  of  principle  for  this  cell  implantation  therapy  for  PD.  Furthermore,  the  disease  process 
does  not  appear  to  negatively  affect  the  transplanted  cells,  although  the  patient’s  endogenous  DA  system  degeneration  continues.  However, 
the  optimal  cells  for  replacement,  such  as  highly  specialized  human  fetal  dopaminergic  cells  capable  of  repairing  an  entire  degenerated  nigro- 
striatal  system,  cannot  be  reliably  obtained  or  generated  in  sufficient  numbers  for  a  standardized  medically  effective  intervention.  Xenogeneic 
and  transgenic  cell  sources  of  analogous  DA  cells  have  shown  great  utility  in  animal  models  and  some  promise  in  early  pilot  studies  in  PD 
patients.  The  cell  implantation  treatment  discipline,  using  cell  fate  committed  fetal  alio-  or  xenogeneic  dopamine  neurons  and  glia,  is 
currently  complemented  by  research  on  potential  stem  cell  derived  DA  neurons.  Understanding  the  cell  biological  principles  and  developing 
methodology  necessary  to  generate  functional  DA  progenitors  is  currently  our  focus  for  obtaining  DA  cells  in  sufficient  quantities  for  the 
unmet  cell  transplantation  need  for  patients  with  PD  and  related  disorders.  ©  2001  Elsevier  Science  Ltd.  All  rights  reserved. 
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1.  Introduction 

The  relatively  new  concept  of  replacing  large  numbers  of 
degenerated  neurons  by  implanting  new  cells  into  the  adult 
brain  has  created  a  complementary  therapeutic  strategy  to 
that  of  traditional  pharmacological  therapies  for  Parkinson’s 
disease  (PD).  The  specificity  of  cellular  degeneration  which 
occurs  in  PD  (DA  neurons  of  the  SN),  and  the  relatively 
major  synaptic  target  region  of  these  degenerating  DA  cells 
(the  caudate,  putamen  and  SN),  have  made  PD  the  most 
accessible  therapeutic  application  for  neural  cell  implanta¬ 
tion  methodology. 

Early  clinical  transplantation  studies  involved  auto¬ 
logous  transplantation  of  catecholamine-containing  adrenal 
medulla  cells  [1,2].  The  absence  of  objective  reductions  of 
PD  signs,  the  low  adrenal  medulla  graft  survival  and  the 
reported  morbidity  of  patients  reinforced  the  scientific  ratio¬ 
nale  for  using  fetal  neural  donor  cells  instead.  Cell  implan¬ 
tation  for  PD  using  fetal  DA  cells  is  likely  to  improve 
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greatly  by  scientific  and  technical  advances.  The  develop¬ 
ment  of  brain  cell  transplantation  with  embryonic  neurons 
and  glia  is  innovative  both  from  a  technical  and  biological 
standpoint  and  will  require  much  work  to  optimize.  The 
scaling  up  of  this  method  from  rodents  to  primates  has 
proved  very  challenging;  particularly  in  obtaining  an  accep¬ 
table,  abundant  and  reliable  cell.  In  the  initial  series  of  clin¬ 
ical  pilot  transplant  experiments  performed  in  Europe,  the 
first  two  PD  patients  did  not  show  a  meaningful  recovery. 
Parallel  technical  and  cell  dose  enhancements  produced 
dramatically  better  results  in  the  next  two  patients  receiving 
unilateral  fetal  VM  suspensions.  MPTP-exposed  patients 
received  VM  DA  cell  suspensions  bilaterally  into  the  stria¬ 
tum  and  this  caused  motor  improvement  in  association  with 
increased  fluordopa  uptake  [3].  Recent  data  from  the  studies 
of  Lindvall  and  colleagues  indicate  DA  cell  survival  in 
patients  for  almost  a  decade  after  surgery,  with  meaningful 
clinical  improvement  [4].  The  transplantation  of  non-disso- 
ciated  human  VM  tissue  pieces  has  also  provided  benefits  to 
many  patients  [5,6].  In  this  series  of  transplantation  studies 
carried  out  by  Olanow  and  colleagues  in  the  US,  autopsy 
from  two  bilaterally  transplanted  (6.5-9  week  human  fetal 
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VM)  patients  who  died  18-19  months  after  surgery  showed 
over  200,000  surviving  DA  neurons,  which  reinnervated 
about  50%  of  the  right  putamen  and  25%  of  the  left  putamen 
[7].  Electron  microscopy  revealed  axo-dendritic  and  occa¬ 
sional  axo-axonic  synapses  between  graft  and  host,  and 
analysis  of  TH  mRNA  revealed  higher  expression  within 
the  fetal  neurons  than  within  the  residual  host  nigral  cells 
[7].  Autopsy  of  another  patient  in  this  surgical  group 
showed  over  130,000  surviving  DA  neurons,  reinnervating 
almost  80%  of  the  putamen  [8].  Notably,  both  patients  had 
shown  major  improvements  in  motor  function  and  increases 
in  fluorodopa  uptake  in  the  putamen  on  PET  scanning. 

An  alternative  source  of  fetal  donor  cells  for  clinical  cell 
implantation  therapy  for  neurodgenerative  disease  is  xeno¬ 
geneic.  The  remarkable  homogeneity  in  cellular  (neurons 
and  glia)  basic  structure  and  function  suggested  that  even 
discordant  mammalian  species  (rodent  into  non-human 
primates)  could  effectively  replace  local  synaptic  function 
after  cell  loss  in  the  adult  brain  [9,10].  Such  across-species 
cell  transfer  (xenotransplantation)  allows  a  more  standar¬ 
dized  acquisition  of  larger  quantities  of  appropriate  fetal 
tissue  than  from  human  abortions.  The  immunological  reac¬ 
tion  of  complement  activated  rejection  and  T-cell  mediated 
responses  leading  to  rejection  of  xenografts  can  in  many 
ways  be  inhibited  by  immune  suppression  [11].  Transplan¬ 
tation  studies  in  animals  have  shown  survival,  function,  and 
afferent/efferent  connections  of  xenogeneic  cells  when 
transplanted  into  animal  hosts  [12,13]  (and  see  reviews 
[14,15]).  In  the  first  pilot-clinical  trial,  the  transplantation 
of  E27  porcine  VM  into  the  caudate  and  putamen  on  one 
side  of  the  brain  of  twelve  immunosuppressed  PD  patients 
produced  some  clinical  improvements  [16].  The  overall 
results  indicated  that  the  scaling  up  problems,  also  seen  with 
human  fetal  cells,  were  significant,  further  compounded  by 
more  vigorous  immunological  responses  in  primate  and 
human  hosts  compared  to  laboratory  rodents.  One  patient 
from  this  study  died  seven  months  after  surgery  from  a 
pulmonary  embolism;  histological  analyses  using  species- 
specific  markers  showed  porcine  neuron  projection  axons 
and  forming  synapses  in  the  host  brain.  All  three  identified 
transplant  sites  contained  DA  neurons  (a  total  of  630  DA 
neurons),  and  non-DA  neurons  expressing  pig-specific  neuro¬ 
filament  [17].  Pig  glial  cell,  including  astrocytes  also  survived 
in  the  patient’s  brain.  Microglial  and  T-cell  markers  showed 
low  reactivity  in  and  around  the  pig  cell  graft  perimeter. 


2.  The  scientific  foundation  of  cell  implantation  therapy 
for  Parkinson’s  disease 

Basic  research  involving  cell  implantation  has  made  it 
abundantly  clear  that  biological  cell  replacements  strategies 
can  provide  the  basis  for  reconstruction  and  repair  of 
damaged  or  dysfunctional  neuronal  connections  of  the 
damaged  or  disease  afflicted  adult  brain  [18].  Functional 
effects  of  intrastriatal  grafts  of  fetal  DA  cells  have  been 


illustrated  in  a  range  of  animal  behavioral  tests  [19-21]. 
The  behavioral  effects  observed  are  dependent  on  the  survi¬ 
val  of  DA  neurons  within  the  striatum,  since  grafting  of 
other  tissue  produces  no  behavioral  effects  [22,23],  and 
removal  of  transplanted  tissue  [24]  or  immune  rejection  of 
transplanted  neurons  [25]  reverses  transplant-induced  beha¬ 
vioral  recovery  in  animal  studies.  Embryonic  day  (E)  12-17 
fetal  rat  tissue  [26],  pig  E  27-29  [13]  and  6.5-9  weeks  old 
human  fetal  tissue  [5]  ventral  mesencephalic  (VM)  donor 
tissue  neuronal  exhibit  survival  and  functional  effects  when 
transplanted  into  the  adult  dopamine  depleted  striatum.  The 
minimum  number  of  surviving  transplanted  DA  neurons 
required  for  behavioral  effect  in  rodent  animal  models  is 
approximately  100-200  [12].  Using  current  micro-dissec¬ 
tion  techniques  and  cell  preparation,  only  10%  of  the  trans¬ 
planted  VM  cells  are  phenotypically  DA,  and  only  1-20% 
of  these  DA  neurons  survive  implantation  depending  on 
trophic  and  immunological  factors  [7,17,27-32].  Therefore 
as  many  as  10-15  fetal  VM  per  patient  may  be  required  for 
sufficient  survival  and  adequate  DA  synapse  replacement 
[33]. 

Factors  that  are  important  for  maturation  and  connectivity 
of  DA  neurons  during  normal  ontogeny  likely  also  influence 
development  and  integration  of  grafted  embryonic  tissue 
when  placed  in  an  adult  host  brain.  Current  methodology 
for  fetal  cell  implantation  in  animal  models  and  patients 
includes  the  transfer  of  numerous  types  of  fetal  neuronal 
and  glial  progentitor  cells.  Thus,  the  implanted  neurons 
are  transferred  into  the  host  brain  with  their  own  contem¬ 
poraneous  glial  and  angiogenic  factor  releasing  cells, 
thereby  providing  a  mileu  that  may  contribute  to  the 
observed  normal  cell  autonomous  development  of  trans¬ 
planted  fetal  VM  cells.  Adding  appropriate  trophic  factors 
to  fetal  cell  preparations  can  enhance  survival  and  growth  of 
implanted  DA  neurons  into  animal  models  of  PD  [28,34- 
39].  The  ability  of  fetal  neurons  to  be  placed  into  an  ectopic 
region  of  an  adult  brain,  survive,  and  extend  neurites  within 
this  region  is  remarkable.  The  functional  effects  of  VM 
transplants  into  DA-depleted  striatum  is  often  correlated 
with  degree  of  striatal  reinnervation  [26,30].  However 
there  is  some  limitation  in  the  ability  of  the  transplanted 
neurons  to  extend  neurites  in  the  adult  brain.  Even  though 
the  graft-induced  elevations  in  tissue  DA  concentrations  are 
substantial  [40],  values  taken  distant  from  the  graft  suggest 
that  reinnervation  of  the  whole  striatum  does  not  occur.  The 
hypothesis  for  this  sharp  decline  in  density  of  DA  fiber 
outgrowth  is  that  age-dependent  characteristics  within  the 
host  brain  alter  outgrowth,  since  extensive  outgrowth  can  be 
achieved  when  transplanted  into  immature  (neonatal)  host 
brain.  Expression  levels  and  patterns  of  adhesion  molecules 
expressed  by  mature  host  brain  are  thought  to  be  the  culprits 
of  this  reinnervation-inhibitory  effect.  Allogeneic  cell 
implantation  into  immature  host  brain  shows  robust  neuro¬ 
nal  and  glial  migration  away  from  the  transplant  site  and  a 
high  degree  of  integration  and  target-directed  neurite 
outgrowth  [18].  In  contrast,  fetal  neural  cells  transplanted 
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into  mature  brains  show  neuronal  reaggregation  around  the 
implant  site  and  less  extensive  axonal  outgrowth  into  host 
brain,  suggesting  an  age-dependent  increase  in  inhibitory  or 
decrease  in  growth-promoting  processes.  Clearly,  both 
promoting  and  repulsive  host  factor  and  substrate  activities 
mfluence  axonal  guidance  and  extension  of  transplanted 
developing  neurons  [18]. 

Data  arguing  against  any  absolute  outgrowth-inhibitory 
properties  of  adult  brain  come  from  studies  showing  long¬ 
distance  and  target-specific  axonal  growth  from  human 
embryonic  transplants  into  adult  rat  brain  [41],  as  well  as 
from  porcine  embryonic  transplants  into  adult  rat  brain  [13]. 
The  species-specific  markers  used  in  our  studies  of  fetal 
porcine  transplants  into  adult  immunosuppressed  rat  brain 
allowed  comparison  of  donor  glial  fiber  and  donor  axonal 
growth  in  different  host  brain  regions,  demonstrating  their 
distinct  trophic  characteristics.  Target  zones  in  adult  host 
gray  matter  were  selectively  innervated  by  embryonic  donor 
axons  normally  destined  to  form  synapses  there,  whereas 
donor  glial  fibers  grew  irrespective  of  any  target  orientation 
within  white  matter  tracts  [13].  Xenogenic  pig  axons 
branched  profusely  in  gray  matter  target  region  and  only 
rarely  penetrated  or  crossed  white  matter  tracts.  DA  fibers 
from  transplants  placed  into  the  SN  were  found  coursing  up 
toward  the  striatum  through  myelinated  fiber  bundles,  then 
branching  into  host  gray  matter.  Notably,  we  found  that  the 
non-DA  VM  cells  also  grew  toward  distant  gray  matter 
target  zones,  such  as  mediodorsal  and  ventral  anterior  thala¬ 
mus.  These  data  suggest  that  directional  cues  for  axons, 
whether  diffusible  or  substrate-bound,  are  provided  by 
adult  host  target  regions.  Since  porcine  neural  development 
continues  four  to  five  times  longer  than  mouse,  these  axons 
may  grow  and  make  synapses  for  a  longer  time  (with  slower 
maturation)  than  that  seen  in  rat-to-rat  studies.  These 
general  differences  are  borne  out  in  the  time-course  com¬ 
parisons  of  functional  recovery  in  rodent  porcine-transplant 
recipients  (8  weeks  post-transplantation)  as  compared  with 
allografts  (4  weeks  post-transplantation)  [18]. 

3.  Anatomical  and  cell  type  specification  of  dopamine 
neurons 

The  current  understanding  of  the  maturation  and  pheno¬ 
typic  specializations  of  DA  neurons  located  in  the  adult 
substantia  nigra  parallels  the  observations  made  of  the 
development  of  committed  fetal  dopamine  neurons  placed 
as  grafts  into  the  adult  CNS  (Fig.  1).  The  molecular  signal¬ 
ing  necessary  for  the  final  morphological  specializations 
and  connectivity  of  the  nigro-striatal  DA  system  must  there¬ 
fore  be  largely  intrinsic  to  the  developing  DA  neurons;  or 
alternatively,  present  in  significant  detail  in  the  adult  brain 
for  this  process  to  be  completed  in  a  normal  way.  On  the 
post-synaptic  host  side;  different  regions  of  the  striatum  are 
associated  with  specific  behaviors  in  rat:  the  dorsal  striatum 
receives  primary  afferents  from  the  motor  areas  of 


neocortex,  and  has  been  shown  to  be  preferentially  involved 
in  rotational  recovery  after  DA  neuron  transplantation  [42]. 
In  the  intact  rat,  the  subpopulation  of  nigral  DA  neurons 
from  A9  SN  which  co-express  AHD  project  their  axons  to 
the  dorsal-lateral  and  rostral  regions  of  the  striatum.  When 
transplanted  into  adult  DA-denervated  rat  striatum,  these 
AHD/TH  neurons  innervated  this  region  of  the  DA-depleted 
striatum  [18,43]),  showing  a  preferential  reinnervation  of 
the  dorsolateral  striatum  corresponding  to  the  normal 
projection  pattern  of  AHD/TH  neurons.  Specific  innervation 
by  subsets  of  transplanted  DA  neurons  was  also  demon¬ 
strated  by  Schultzberg,  showing  reinnervation  of  the  DA- 
depleted  striatum  by  the  population  of  grafted  A9  VM 
neurons  lacking  cholecystokinin  (CCK)  [44],  The  CCK 
fibers  were  found  in  a  narrow  zone  immediately  adjoining 
the  graft.  These  data  suggest  the  presence  of  mechanisms, 
which  selectively  favor  the  ingrowth  of  fibers  from  the 
appropriate  DA  neuronal  subset.  Thus  enrichment  of  the 
DA-neuron  subpopulation  which  specifically  expresses 
AHD  may  allow  more  appropriate  reinnervation  of  striatum 
after  transplantation,  and  influence  the  degree  of  functional 
recovery  in  PD  [18]  (Fig.  1). 


4.  Repair  of  synaptic  function  and  regulated  dopamine 
release  after  implantation  of  new  dopamine  neurons 

The  most  important  factor  in  obtaining  complete  and 
sustained  functional  eff’ects  may  be  the  presence  of  new 
synapses  for  biochemically  and  physiologically  appropriate 
DA  release  in  the  host  striatum.  Embryonic  DA  neurons 
produce  new  connections  with  the  mature  host  striatal 
neurons.  Synaptic  connections  between  transplanted  VM 
cells  and  host  cells,  as  well  as  afferents  from  host  neurons 
to  transplanted  cells,  have  been  extensively  documented 
[45,46].  Functional  analyses  indicate  that  pharmacological 
delivery  into  the  striatum  may  not  be  as  effective  in  amelior¬ 
ating  the  motor  symptom  of  PD,  as  regulated,  synaptic 
release  obtained  with  transplanted  DA  neurons  [33];  When 
DA  is  directly  administered  into  the  ventricle  of  PD  patients, 
serious  psychosis  can  develop  [47].  Even  from  a  cell  bio¬ 
logical  standpoint,  the  rationale  for  normal  range  DA  release 
is  illustrated  by  differential  display  experiments  that  show 
abnormal  upregulation  of  over  10  genes  within  the  striatum 
after  abnormal  DA  exposure  in  vivo  [48].  Complications 
associated  with  unregulated  DA  levels  are  obvious  when 
observing  effects  of  long-term  L-dopa  administration:  as 
PD  progresses,  and  the  DA  neuron  degeneration  continues, 
the  unregulated  formation  of  DA  within  the  striatum  and 
abnormal  down-stream  activity  in  the  basal  ganglia  can 
lead  to  motor  abnormalities  such  as  dyskinesias.  Physiologi¬ 
cally  appropriate  DA  functions  can  be  achieved  by  DA 
neurons  or,  alternatively,  cells  which  express  the  complete 
set  of  feedback  elements  required  to  regulate  release  and 
uptake  of  DA.  Several  studies  have  shown  normalized 
metabolic  activity  throughout  the  basal  ganglia  after 
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Fig.  1.  Target-specific  innervation  by  grafted  fetal  cells.  (A)  Target  zones  in  adult  host  gray  matter  are  selectively  innervated  by  embryonic  pig  donor  DA 
axons  normally  destined  to  form  synapses  there,  whereas  non-DA  donor  fibers  grow  into  host  myelinated  bundles.  (B)  In  the  intact  rat,  the  subpopulation  of 
nigral  DA  neurons  from  A9  SNc,  which  co-express  AHD,  project  their  axons  to  the  gray  matter  of  dorsal-lateral  regions  of  the  striatum.  The  ventral  tegmental 
area  (VTA)  neurons  from  AlO  co-express  CCK,  and  project  to  ventromedial  striatum,  nucleus  accumbens,  neocortex  and  limbic  regions.  (C)  When  the 
enriched  population  of  TH/AHD  neurons  obtained  from  a  medial  (versus  lateral)  VM  dissection  is  transplanted  into  DA-lesioned  adult  rat  striatum,  these 
neurons  preferentially  reinnervate  their  normal  dorsolateral  striatal  target,  shown  to  be  involved  in  rotational  recovery  after  DA  neuron  transplantation.  TH/ 
CCK  neurons  from  VM  show  different  patterns  of  outgrowth  when  placed  into  cortex.  (Reprinted  with  permission  from  Trends  in  Neurosciences  1997' 
20:477-482.  ©  Elsevier.). 


transplantation.  Using  cytochrome  oxidase  histochemistry  as 
an  indicator  of  neuronal  metabolism  in  the  6-OHDA- 
lesioned  rat;  the  lesion-induced  increases  in  activity  of  the 
entopeduncular  nucleus  and  SN  reticulata  were  reversed  by 
intrastriatal  VM  grafts,  whereas  the  lesion-induced  increases 
in  globus  pallidus  and  subthalamic  nucleus  were  not  affected 
by  grafting  [49].  Similarly,  in  MPTP-treated  monkey  receiv¬ 
ing  VM  transplants,  DA  cell  implants  increased  the  meta¬ 
bolic  activity  of  the  implanted  striatum,  particularly  in  the 
region  of  grafts  containing  greater  numbers  of  DA  neurons 
[50].  Positron  emission  tomography  (PET)  and  carbon- 
11-labeled  2B-carbomethoxy-3B-(4-fluorophenyl)tropane 
(1 IC-CFT)  have  been  utilized  as  markers  for  striatal  presy- 
naptic  DA  transporters  in  a  unilateral  lesion  model  in  rat.  In 
the  lesioned  striatum,  the  binding  ratio  was  reduced  by  15  to 
35%  of  the  intact  side.  After  DA  neuronal  transplantation, 
behavioral  recovery  occurred  only  after  the  1 IC-CFT  bind¬ 
ing  ratio  had  increased  from  75  to  85%  of  the  intact  side, 
revealing  a  threshold  for  functional  recovery  in  the  lesioned 
nigro-striatal  system  after  neural  transplantation  [23].  Auto¬ 
regulation  of  DA  release  and  metabolism  by  intrastriatal 
grafts  has  been  shown  by  in  vivo  microdialysis.  Infusion  of 
a  non-selective  DA  agonist  (apomorphine)  reduced  DA 
concentrations  in  the  grafted  striatum  [12,51],  indicating 
auto-regulation  of  DA  levels  by  transplanted  cells.  Evidence 
for  the  formation  of  functional  synapses  and  appropriate  DA 
regulation  by  transplanted  fetal  DA  neurons  comes  from  the 
observation  that  dyskinesias,  expressed  either  as  contraver- 
sive  circling  after  repeated  L-dopa  injections  in  rodents  [52] 
or  L-dopa-induced  dyskinesias  in  non-human  primates 
are  reduced  after  transplantation.  These  data  indicate 
that  DA  levels  within  the  transplanted  striatum  will  be 
regulated  in  a  functional  manner  by  the  transplanted  DA 
neurons. 


5.  Potential  use  of  stem  cells  for  obtaining  donor  cell  for 
transplantation 

Most  living  systems  undergo  continuous  growth.  There 
are  many  examples  of  cell  division  and  differentiation  for 
maintaining  cell  populations  in  adult  human  bodies;  for 
example,  the  bone  marrow  that  recruits  stem  cells  capable 
of  dividing  into  most  of  the  cells  necessary  for  blood  and 
immune  systems  throughout  life.  Part  of  entire  adult  organs 
can  be  regenerated,  such  as  the  liver.  Cells  in  the  lining  of 
the  gut  are  shed  on  a  daily  basis  with  replacements  growing 
in  from  layers  below.  In  the  skin,  the  basal  cell  layers  of  the 
dermis  provide  a  plentiful  source  of  growth;  that  also 
signifies  a  continuous  growth  process.  These  specialized 
cells  can  divide  to  maintain  or  increase  growth  of  organ 
systems  in  the  adult  body.  The  recent  fascination  with  the 
most  pluripotent  of  such  cell;  the  so-called  stem  cells,  illus¬ 
trate  a  renewed  interest  and  deepening  molecular  under¬ 
standing  of  developmental  biology.  While  for  the  last  60 
years  most  text-books  of  embryology  has  detailed  most 
biological  sequences  in  the  development  of  mammals,  it  is 
not  until  recently  that  a  molecular  and  mechanistic  data  of 
cellular  signaling  pathways  involved  in  cell  fate  and  devel¬ 
opment  of  organ  systems  has  been  obtained.  In  addition, 
recent  cloning  experiments  have  illustrated  that  even 
mammalian  adult  cell  nuclei  (containing  DNA)  has  the 
material  for  establishing  all  cells  of  a  whole  organism 
after  transfer  to  a  fertilized  egg-cell.  The  fertilized  oocyte 
goes  through  a  few  rounds  of  cell  division  and  then  the 
resulting  cluster  of  cells  (in  the  range  of  250  cells;  see 
Fig.  2)  is  capable  of  imbedding  itself  in  the  wall  of  the  uterus 
in  mammals.  At  this  stage,  each  of  the  cells  in  the  inner  cell 
mass  cluster  is  usually  capable  of  forming  any  part,  or  the 
whole  of  the  entire  body  plan.  This  type  of  cell  is  therefore 
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Fig.  2.  Basic  steps  for  ES  cell  procedures  including  in  vitro  expansion, 
chemical  or  spontaneous  induction  into  neurons  after  implantation  into 
the  adult  brain.  Totipotent  embryonic  stem  cells  derived  from  the  inner 
cell  mast  of  blastocyst  are  propagated  in  culture  in  the  presence  of  leukemia 
inhibitory  factor  (LIF).  Prior  to  transplantation,  LIF  is  removed.  The  cells 
are  treated  with  retinoic  acid  (A)  or  are  transplanted  directly  (B)  into  adult 
brain.  Regardless  of  pre-treatment  with  retinoic  acid,  the  transplanted  ES 
cells  differentiate  to  form  cells  with  neuron-like  morphology  and  pheno¬ 
typic  expression  of  neuronal  markers. 

denoted  stem  cell,  or  in  this  case,  embryonic  stem  cells. 
From  this  initial  group  of  stem  cells,  all  other  cells  that 
form  the  living  body  are  generated.  The  developmental 
sequential  orchestration  of  the  growth  of  the  body  into  its 
specialized  parts  and  unique  form  and  function  follows  a 
strict  pattern  and  sequence  in  the  embryo  and  neonate. 
Nevertheless,  as  previously  mentioned,  in  the  adult  organ¬ 
ism,  many  cells  with  the  body  remain  capable  of  division 
and  growth  into  specialized  cell  systems.  Recently,  such 
divisible  (yet  non-malignant  or  carcinogenic)  cells  have 
gained  increased  attention.  The  idea  that  such  multipotent 
cells  present  in  the  blood  stream,  or  even  in  the  brain,  are 
still  capable  of  multiple  cellular  fates  has  intrigued  biolo¬ 
gists  and  the  public.  In  particular  in  the  brain,  in  addition  to 
the  well-known  fact  that  olfactory  epithelium  and  a  few 
other  brain  regions  (including  the  dentate  gyrus  of  the 
hippocampus)  there  may  also  be  dividing  cells  capable  of 
other  types  of  growth  or  repair.  Such  continuous  cell  divi¬ 
sion  may  be  necessary  for  maintenance  and  adaptive  func¬ 
tion  of  many  cellular  systems. 

In  experimentation,  stem  cell-like  behavior  has  been 
observed  from  embryonic  stem  cells,  growth  factor- 
expanded  neural  progenitors,  immortalized  cell  lines  and 
embryonal  carcinoma  cells.  Growth  factor-expanded  cells 
have  been  implanted  into  the  adult  brain,  with  survival  of 
small  cell  clusters  [53-55].  Immortalized  cell  lines  have 
shown  capacity  to  differentiate  into  several  neuronal  cell 
types  when  transplanted  (for  review,  see  Ref.  [56]).  The 
implantation  of  immortalized  cells  into  neonatal  brain 


resulted  in  differentiation  into  neurons  and  glia  with  appar¬ 
ent  region-specific  morphology  [57-60].  Notably,  when 
transplanted  into  adult  brain  such  immortalized  cells  (gener¬ 
ated  from  embryonic  striatum  or  hippocampus)  are  usually 
fated  to  form  glia  [61].  Brain  implants  of  embryonic  carci¬ 
noma  cell  lines  have  been  shown  to  survive  and  grow  as 
neurons  when  treated  with  retinoic  acid  [62-65].  We  trans¬ 
planted  mouse  D3  and  E3  normal  ES  cells  into  adult  mouse 
striatum  and  adult  6-OHDA-lesioned  striatum,  which  spon¬ 
taneously  developed  into  neurons  and  other  cells  (Fig.  2). 
Many  TH^  neurons  were  found,  while  dopamine-B-hydro- 
xylase^  cells  were  infrequent.  Non-neuronal  regions  some¬ 
times  were  immunoreactive  for  glial  fibrillary  acidic 
protein.  Many  neurons,  including  DA  and  5-HT  catechola- 
minergic  cells,  grew  axons  into  the  host  brain.  The  axonal 
growth  into  gray  matter  was  not  abnormal,  but  did  not 
resemble  the  five  caliber  fiber  innervation  seen  in  normal 
DA  growth  in  the  striatum  [13,66].  ES  derived  serotonergic 
neurons  grew  in  a  less  restricted  pattern  than  TH^  neurons. 
Mouse  D3  and  E3  ES  cells  placed  into  mouse  kidney 
capsule  grew  into  similar  neuronal  phenotypes  as  those 
placed  in  the  adult  brain.  These  data  suggest  that  neuraliza- 
tion  is  a  possible  default  pathway,  and  occurs  spontaneously 
if  pre-gastrula  cells  are  prevented  from  getting  patterned 
signals  from  other  embryonic  cell  layers  [67].  This  is  not 
entirely  surprising,  given  that  the  early  gastrula  ectodermal 
animal  cap,  normally  destined  to  become  epidermal  tissue, 
will  form  neural  tissue  if  disrupted  [68].  There  are  known 
inducing  factors  discovered  for  epidermal  differentiation 
during  gastrulation,  such  as  BMP4  [69].  Homozygous 
knock-out  mice  lacking  functional  BMP  receptor 
(BMPRl)  will  not  survive  past  gastrulation  [70],  a  time 
when  epidermis  would  normally  form.  Inhibitors  of  BMP4 
or  activin,  such  as  noggin,  follistatin,  and  chordin,  from  the 
Spemann  organizer  region,  can  cause  ectopic  formation  of 
neural  tissue  Taken  together,  these  findings  indicate  that 
disruption  of  these  epidermis-inducing  signals  causes  neural 
differentiation.  Given  that  our  experiment  involved  disso¬ 
ciated  and  expanded  ES  cells,  this  may  be  equivalent  of  such 
disruption.  Nonetheless,  it  remains  to  be  determined  if  other 
growth  factors  present  in  brain  and  kidney  capsule  can 
induce  TH'^  neurons.  The  absence  of  kidney  formation  in 
GDNF-knockout  mice  suggests  that  GDNF  may  play  a  role 
in  both  kidney  and  brain  development  [71].  While  these  ES 
cells  form  neurons  of  TH"^  (putative  DA)  phenotypes  that 
extend  axons,  into  the  adult  host  striatum,  such  neurons  may 
also  be  able  to  create  the  kind  of  behavioral  recovery  seen 
with  implantation  of  normal  phenotypic  fetal  DA  neurons. 

In  conclusion,  there  is  a  large  unmet  need  for  obtaining  a 
donor  cell  source  for  clinical  cell  implantation  to  PD 
patients.  While  human  fetal  DA  donor  cells  work  in  princi¬ 
ple,  as  shown  in  human  pilot  studies,  this  cell  source  is  not 
available  or  workable  in  a  standard  clinical  environment. 
Analogous  fetal  DA  donor  cells  from  other  animal  species 
are  potential  alternatives  to  human  fetal  tissue.  For  example, 
the  pig  or  rodent  meso-striatal  DA  system  also  contains  cell 
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groups  A8,  A9,  and  A 10  that  differentiate  into  the  homo¬ 
logous  cell  groups  seen  in  humans  and  function  after  trans¬ 
plantation  to  the  mature  brain.  Alternatively,  functionally 
appropriate  DA  neurons  could  be  derived  from  progenitor 
or  stem  cell  populations.  Moreover,  genetic  engineering  and 
immortalization  technology  could  be  applied  to  progenitor 
and  stem  cells,  in  order  to  obtain  sufficient  numbers  of  DA 
neurons  of  appropriate  design  for  cell  transplantation  to  a 
large  number  of  PD  patients. 

Statement  on  animal  experiments:  All  animal  experi¬ 
ments  have  been  carried  out  in  accordance  with  the  National 
Institutes  of  Health  Guide  for  the  care  and  Use  of  Labora¬ 
tory  Animals  (NIH  Publications  No.  80-23,  revised  1978). 
All  efforts  were  made  to  minimize  animal  suffering,  to 
reduce  the  number  of  animals  used  and  to  utilize  alternatives 
to  in  vivo  techniques,  if  available. 
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PHYSIOLOGICAL  BASIS  FOR 

TREATMENTS  OF  PARKINSONISM 

In  the  classical  neuropathologic  description 
of  Parkinson’s  Disease  (PD)  there  is  abnormal 
degeneration  and  dysfunction  of  the  dopamin¬ 
ergic  (DA)  neurons  in  the  substantia  nigra, 
pars  compacta  region,  with  associated  DA  ax¬ 
onal  and  synaptic  loss  in  the  striatum,  sub¬ 
thalamic  nucleus,  and  substantia  nigra,  pars 
reticulata.  This  in  effect  leaves  the  patient 
with  signs  of  resting  tremor,  bradykinesia, 
rigidity,  and  inability  to  initiate  movements 
unless  l-DOPA  treated.  Other  parallel 
pathologies  may  be  present,  but  the  dopamin¬ 
ergic  degeneration  probably  accounts  for  the 
motoric  dysfunction. 

The  ability  to  observe  both  physiology  and 
function  in  small  areas  within  the  brain  is  now 
possible  with  high-resolution  positron  emis¬ 
sion  tomography  (PET)  and  magnetic  reso¬ 
nance  (MR)  imaging  techniques  (1-3).  The  po¬ 
tential  use  of  PET  as  a  research  tool  in 
movement  disorders  has  been  demonstrated  in 
studies  of  brain  dopamine  function  (4)  and  glu¬ 
cose  metabolism  associated  with  movement 


disorders  (5-7).  Recently,  high-resolution  PET 
imaging  has  been  widely  used  in  studies  on  an¬ 
imal  models  of  PD  (8-15).  In  addition,  ad¬ 
vances  in  receptor  studies  (8,10,16,17)  and 
magnetic  resonance  spectroscopy  of  neurode¬ 
generation  (3,15,18-20)  provide  specific  func¬ 
tional  neurochemical  information  that  may  be 
of  value  in  determining  prognosis  and  therapy. 
In  PD,  the  finding  of  changes  in  metabolic  ac¬ 
tivity  as  determined  by  positron  emission  to¬ 
mography  (PET)  in  pre-SMA  and  PM  cortices 
is  intriguing  (21).  What  actually  may  explain 
the  signs  of  PD  at  the  physiological  circuitry 
level  is  the  synchronization  of  neuronal  palli¬ 
dal  (GPe  and  GPi)  output  signals  as  a  result  of 
the  loss  of  DA  tonic  input  to  the  putamen  to¬ 
gether  with  a  reduced  thalamic  input  to  the 
SMA  and  PM  cortices  (22)  (Figs.  47-1  and  47- 
2).  An  apparent  recruitment  of  more  cortical 
regions  than  normal  and  the  increased  and 
widespread  activation  of  PM  and  SMA  associ¬ 
ated  cortices  suggest  that  these  structures  are 
compensating  for  the  abnormal  input  to  be  able 
to  activate  the  motor  cortex  for  initiation  of  the 
movement  (see  Fig.  47-1).  Evidence  for  this 
view  comes  from  pallidotomy  studies  (22)  in 


447 


448 


SURGICAL  TREATMENT 


MLR 

FIG.  47-1.  A  schematic  circuit  or  network  dia¬ 
gram  highlighting  motor  systems  interactions.  The 
results  of  STN  lesions  (and  pallidotomy)  may  sim¬ 
ply  provide  a  release  of  movement  control  via  the 
indirect  pathway  (CP  to  GPi  and  GPe  via  STN 
regulation  of  GPi  inhibition  of  thalamic  VAA/L).  In 
this  way  the  clinical  signs  of  abnormally  reduced 
or  enhanced  dopamine  release  in  the  CP  can  be 
eliminated;  the  i-DOPA-induced  dyskinesias  typi¬ 
cally  seen  in  advanced  PD  patients  virtually  dis¬ 
appear  after  pallidotomy  or  STN  modulation.  Re¬ 
ports  indicate  that  such  advanced  PD  patients 
can  sustain  excessive  DA  activation  of  CP  and 
the  remaining  A10  DA  neuronal  systems  (for  ex¬ 
ample,  nucleus  accumbens)  after  STN  stimula¬ 
tion  or  pallidotomy.  These  observations  suggest 
that  the  indirect  basal  ganglia  loop  either  blocks 
cortical  motor  output  (as  in  dopamine  deficiency 
in  PD)  or  creates  an  abnormal  “oscillation”  of  cor¬ 
tical  output  (as  In  DA/L-DOPA-induced  dyskine¬ 
sias  or  Huntington’s  disease). 

which  the  loss  of  PD  signs  (tremor,  rigidity, 
and  L-DOPA-induced  dyskinesias)  is  reflected 
in  a  more  localized  metabolic  activity,  as  well 
as  appropriate  activation  in  motor  association 
cortex  (21;  Y.  Smith,  personal  communica¬ 
tion),  Based  on  all  of  these  data  and  relevant 
circuitry  of  the  motor  system,  we  hypothesize 
that  full  DA  reinnervation,  by  cell  transplanta¬ 
tion  or  regeneration,  will  rebalance  this  motor 
system. 

Studies  in  PD  patients  and  primate  PD  mod¬ 
els  have  postulated  that  nigrostriatal  DA  defi¬ 
ciency  leads  to  decreased  inhibitory  activity 
from  putamen  to  the  internal  segment  of 


FIG.  47-2.  A  schematic  network  of  the  functional 
interactions  of  the  motor  systems  in  parkinson¬ 
ism.  The  thick  black  lines  show  enhanced  activa¬ 
tion.  The  thick  dark  gray  lines  are  enhanced  inhi¬ 
bition.  The  broken  lines  are  reduced  inhibitory 
(GPe)  or  excitatory  (Th)  activity. 

globus  pallidus  (23-25).  Resulting  inhibitory 
outflow  from  globus  pallidus  suppresses  the 
motor  thalamus,  reducing  activation  of  cere¬ 
bral  motor  cortex  system  and  creating  the  signs 
of  PD.  After  transplantation  therapy,  the  puta- 
menal  inhibitory  action  of  globus  pallidus  is 
expected  to  recover.  Longitudinal  studies  after 
different  transplantation  methods  with  dopa¬ 
mine  fetal  cells  are  necessary  to  determine  the 
underlying  biological  mechanism  of  the  thera¬ 
peutic  effects  on  movement  initiation. 

In  the  medical  history  of  PD,  James  Parkin¬ 
son’s  description  of  the  disease  in  1817  did 
nothing  to  relieve  the  patients  of  their  suffering 
until  the  early  1950s,  when  observations  were 
made  about  unilateral  improvements  of  PD 
signs  contralateral  to  a  subcortical  stroke. 
Stereotactic  thalamotomies  and,  subsequently, 
pallidotomies  were  performed  as  a  rational  in¬ 
tervention  simulating  this  therapeutic  effect. 
Surgical  trials  were  fairly  extensive  and,  in 
many  cases,  provided  long-term  improvements 
and  reductions  in  the  patients’  signs  over  sev¬ 
eral  years  (see  volumes  in  Acta  Psychiatrica  et 
Neurologica  Scandinavica,  1960).  The  thermal 
lesions  of  this  type  were,  however,  superseded 
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by  the  discovery  that  the  dopamine  system  was 
prima  culpa  in  Parkinson’s  disease.  Through 
findings  by  Arvid  Carlson’s  team  in  Sweden 
and  Oleh  Homykiewicz  in  Austria,  the  sys¬ 
temic  pharmacologic  dosing  and  delivery  of  L- 
DOPA  was  initiated  to  patients  (26).  This  be¬ 
came  the  mainstay  of  treatment,  and  only  after 
some  time  did  it  become  evident  that  this  pre¬ 
cursor  treatment  (overcoming  the  dopamine 
rate-limiting  enzyme  tyrosine  hydroxylase)  in 
dopamine  neurons  would  not  provide  perma¬ 
nent  relief  for  the  patients  (26-29). 

A  novel  rational  idea  then  emerged  from  sci¬ 
entists  working  in  neurobiology  and  cell  cul¬ 
ture:  to  replace  lost  dopamine  neurons  through 
neural  transplantation  (30,31).  As  a  result  of 
animal  experiments  in  the  early  1980s  and 
through  the  beginning  of  exploratory  clinical 
trials  in  the  late  1980s,  the  development  of  a 
new  therapy  involving  fetal  transplantation  has 
achieved  some  spectacular  results  (32-37)  as 
well  as  some  evidence  of  a  need  for  further  re¬ 
finement  (38,39).  In  PD,  neural  transplantation 
will  potentially  replace  the  missing  dopamine 
neurons  and  provide  an  endogenous  source 
(rather  than  a  drug  source)  of  dopamine  in  the 
striatum  and  other  dopamine-depleted  regions. 
The  last  few  years  have  provided  clear  evi¬ 
dence  that  dopamine  cell  transplant  therapy  ad¬ 
ditionally  improves  patients’  response  to  l- 
DOPA  (36,37,40).  The  l-DOPA  can  be  taken 
up  by  transplanted  dopamine  cells  and  be  ap¬ 
propriately  converted  by  the  DOPA  decarboxy¬ 
lase  into  dopamine  and  released  in  a  physio¬ 
logical  way  into  the  anatomic  target  zones. 

COMBINED  USE  OF  DA 
PHARMACOLOGICAL  AND  CELL 
THERAPIES:  CAN  THE  NEURONAL 
REPLACEMENT  ENHANCE  l-DOPA 
RESPONSES  AND  REDUCE  l-DOPA- 
INDUCED  DYSKINSESIAS  IN 
PARKINSON’S  DISEASE? 

After  neural  transplantation  of  fetal 
dopamine  cells  to  PD  patients  (when  appro¬ 
priate  methods  are  used  for  transplantation), 
the  vast  majority  of  patients  show  a  reduction 
in  L-DOPA-induced  abnormal  dyskinesias 


and  dystonias  in  the  “on”  phase  as  well  as  per¬ 
centage  time  spent  “off”  (35-37).  These  find¬ 
ings  correlate  with  the  presence  of  surviving 
dopaminergic  grafts.  Between  4  and  12 
months  after  transplantation,  up  to  ten  pa¬ 
tients  worldwide  have  reduced  their  l-DOPA 
usage  to  zero  in  association  with  50%  to  80% 
reductions  in  prior  symptoms  as  assessed  by 
clinical  rating  scales  (e.g.,  UPDRS).  Cell  re¬ 
placement  therapy  is,  however,  in  its  infancy. 
This  treatment  modality  is  indeed  novel  and 
therefore  requires  experimentation  to  become 
useful  and  understandable  in  a  neurobiologi- 
cal  context  (39).  The  symptomatic  recovery  in 
some  individual  patients  from  parkinsonism 
with  grafting  of  fetal  neural  cells  is  truly  re¬ 
markable.  However,  the  six  or  seven  research 
teams  using  this  methodology  around  the 
world  are  in  a  sense  artisans  in  that  they  are 
using  different  techniques  and  clearly  have 
different  success  rates  (35).  Moreover,  most 
of  these  research  teams  are  improving  their 
technology  and  transplantation  techniques 
every  year.  Thus,  the  skepticism  levied  at 
some  of  their  results  and  inconsistencies  is 
understandable. 

We  have  reviewed  many  active  programs  in 
North  America  and  Europe  and  find  that  the 
most  reliable  finding  after  transplantation  is 
some  reduction  of  the  use  of  l-DOPA  and  a 
dramatic  loss  of  dyskinesias  and  “on-off”  phe¬ 
nomena  with  full  l-DOPA  dose.  The  most 
likely  explanation  for  this  finding  is  that  the 
biosynthetic  machinery  provided  by  the  im¬ 
planted  cells  will  allow  l-DOPA,  through 
DOPA  decarboxylase  and  other  synaptic  vesic¬ 
ular  transport  mechanisms,  to  be  released  and 
regulated  for  constancy  of  concentration  at  the 
synaptic  sites  in  the  striatum  or  elsewhere. 

A  compelling  reason  for  neural  transplanta¬ 
tion  is  to  provide  needed  relief  for  patients 
from  drug  side  effects,  which  is  a  primary 
source  of  pain  and  dysfunction.  This  interpre¬ 
tation  of  neural  transplantation  effects  in  PD 
also  provides  an  understanding  of  the  pro¬ 
gressive  improvements  seen.  The  patients 
worldwide  who  have  no  need  for  l-DOPA  af¬ 
ter  transplantation  all  demonstrated  a  progres¬ 
sive  sustained  improvement  over  a  6-month  to 
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6-year  period  (33,35).  Moreover,  the  degener¬ 
ation  seen  of  the  host  dopaminergic  systems 
also  continues  with  no  apparent  effect  on  the 
implanted  cells.  This  becomes  apparent  when 
analyzing  data  from  unilaterally  transplanted 
patients  (the  cohort  of  Lindvall  et  al.  in  Lund, 
Sweden).  In  their  initial  patient  series,  as  the 
grafted  side  became  functional,  the  contralat¬ 
eral  side  continued  to  degenerate  (35).  In  this 
way,  a  form  of  hemiparkinsonism  developed, 
and  one  patient  was  relieved  by  subsequent 
bilateral  transplantation  (35). 

This  type  of  clinical  case-by-case  evidence 
is  complemented  by  a  solid  base  of  research 
in  rodents  and  monkeys  that  demonstrates 
that  the  CNS  dopaminergic  system  can  be  re¬ 
paired  (41).  Nonetheless,  in  clinical  applica¬ 
tion  the  variability  in  procedures  by  different 
transplant  teams  (on  nearly  all  parameters 
used  in  cell  preparation,  cell  number,  and  sites 
transplanted)  as  well  as  the  lack  of  under¬ 
standing  of  the  large  number  of  individual 
forms  of  parkinsonism  among  PD  patients, 
make  comparisons  and  conclusions  difficult. 

In  summary,  starting  with  animal  experi¬ 
ments  in  the  early  1980s  and  through  the  be¬ 
ginning  of  exploratory  clinical  trials  in  the 
late  1980s,  the  development  of  a  new  therapy 
involving  fetal  transplantation  has  achieved 
some  spectacular  results  (32-37)  as  well  as 
much  evidence  for  the  need  of  further  refine¬ 
ment  (38,39).  Essentially,  the  treatment  for 
PD  with  neural  transplantation  will  poten¬ 
tially  replace  all  the  missing  dopamine  neu¬ 
rons  and  thereby  provide  an  endogenous 
source  (rather  than  a  drug  source)  of 
dopamine  in  the  striatum  and  other  dopamine- 
depleted  regions.  The  last  few  years  have  pro¬ 
vided  substantial  evidence  that  dopamine  cell 
transplant  therapy  also  improves  drug  re¬ 
sponse  (36,37,40).  l-DOPA  can  be  taken  up 
by  transplanted  dopamine  cells  and  be  appro¬ 
priately  converted  by  the  DOPA  decarboxy¬ 
lase  into  dopamine  and  released  in  a  physio¬ 
logical  way  into  the  anatomic  target  zones. 

As  outlined  in  the  next  section,  the  most  re¬ 
cent  research  for  transplantation  in  PD  has 
shown  that  more  targets  than  striatum  need  to 
be  transplanted  for  optimal  anatomic  and  ftmc- 


tional  effects  (42-48).  We  feel  that  triple  stereo¬ 
tactic  targeting,  including  the  striatum,  the  sub¬ 
thalamic  nucleus,  and  substantia  nigra,  pars 
reticulata  may  be  necessary  for  optimal  recov¬ 
ery  in  patients.  This  would  achieve  reinnerva¬ 
tion  of  frontal  (CPU  and  STN)  and  caudal  out¬ 
put  systems  (the  substantia  nigra,  pars  reticulata 
and  brainstem-spinal  systems).  Preliminary 
studies  suggest  a  rapid  and  complete  restoration 
of  function  after  such  procedures  (42^8). 


TRANSPLANTATION  OF  DOPAMINE 
CELLS:  WHAT  ARE  THE 
APPROPRIATE  CELLS  AND 
TRANSPLANTATION  SITES? 

Experimental  work  has  established  proto¬ 
cols  for  reliable  dopamine  cell  transplant  sur¬ 
vival,  outgrowth,  and  function  as  a  rational 
idea  for  PD  intervention  derived  from  neuro¬ 
biology  and  cell  culture  (30,31).  Many  differ¬ 
ent  strategies  to  improve  the  efficacy  and  sur¬ 
vival  of  fetal  ventral  mesencephalic  grafts 
have  been  described,  including  treatment  with 
growth  factors  (49,50),  antioxidants  (51),  and 
variations  in  cell  dissociation  techniques  (52). 
The  implantation  procedure  itself  can  also  af¬ 
fect  the  outcome.  Nikkah  et  al.  have  used  a 
micrografting  paradigm  in  rodents  and  shown 
that  several  implants  of  small  volumes  of  cell 
suspension  in  the  denervated  striatum  result 
in  better  functional  recovery  than  do  tradi¬ 
tional  macrograft  implants  (53). 

Another  important  question  in  neural  trans¬ 
plantation  is  the  capacity  for  specific  neuronal 
cell  types  to  reinnervate  selectively  denervated 
host  target  regions  (54—57).  Transplanted  em¬ 
bryonic  neurons  placed  in  denervated  host  tar¬ 
gets  display  a  relative  specificity  of  fiber  out¬ 
growth  into  areas  typical  of  their  adult 
phenotype  (54-57).  The  dopaminergic  neurons 
of  the  midbrain  can  be  divided  into  various 
subsets  distinguished  by  different  immunore- 
activities,  for  example,  dopamine  transporter, 
tyrosine  hydroxylase  (TH),  calbindin,  and 
cholecystokinin  (CCK)  (54,58).  Some  of  these 
markers  correspond  to  distinct  projection  pat¬ 
terns  from  the  substantia  nigra  and  have  been 
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•  used  to  provide  evidence  for  the  selective 
growth  regulation  of  grafted  tissue  (54). 

Fetal  cell  transplantation  experiments  gener- 
^ly  also  make  possible  discoveries  for  applica¬ 
tions  involving  stem  cells.  Simply  put,  stems 
cells  allow  a  more  abundant  generation  of 
transplantable  DA  cells  than  sources  from  fetal 
«  primary  cells.  The  current  opportunities  for  PD 
therapy  are  limited  by  access  to  appropriate 
cells  for  transplantation.  There  are  a  number  of 
choices  beyond  the  use  of  human  fetal  cells,  for 
example,  xenogeneic  fetal  mesencephalic  neu¬ 
rons,  stem  cells,  immortalized  cells,  or  geneti¬ 
cally  modified  nonneuronal  or  neuronal  cells. 
Any  of  these  choices  are  dependent  on  the  state 
of  research  in  each  particular  branch  of  cell  bi¬ 
ology.  We  have  found  that  xenogeneic  cells 
(pig)  can  be  used  in  both  animal  models  and 
patients  with  some  success  (57,59).  Neverthe¬ 
less,  we  believe  the  aim  of  producing  a  reliable 
source  of  a  very  large  number  of  dopamine 
cells  will  require  vigorous  research  programs 
for  other  cell  types,  such  as  stem  cells.  The  use 
of  pluripotent  cells  from  the  early  blastula 
stage  would,  if  the  differentiation  steps  were 
known  and  genetic  modification  possible,  pro¬ 
vide  a  major  source  for  transplantable 
dopamine  cells.  We  have  shown  (60,61)  that 
differentiation  of  such  stem  cell  grafts  can  lead 
to  the  production  of  nerve  cells,  including 
dopaminergic  neuronal  phenotypes.  Neverthe¬ 
less,  the  realistic  use  of  a  stem  cell  source  can 
be  achieved,  in  our  view,  only  after  consider¬ 
able  experimentation,  which  will  probably  be 
preceded  in  the  clinic  by  improvements  in  the 
standard  fetal  cell  transplantation  paradigm. 
This  is  important  because  data  from  a  number 
of  research  groups  over  the  last  decade  demon¬ 
strate  that  fetal  cell  transplantation  can  help 
parkinsonian  patients,  although  there  is  still 
considerable  room  for  technical  improvements. 
Many  neurosurgeons  and  neurologists  have  ex- 
vpressed  the  view  that  the  neural  cell  implant 
treatment  could  supersede  any  currently  avail¬ 
able  methodology,  such  as  physiological  stim- 
iilation  or  lesioning  procedures,  pallidotomy, 
or  deep  brain  stimulation. 

Surgical  treatments  in  PD  have  undergone 
a  renaissance  with  the  advent  of  electrophysi- 


ological  interventions  using  deep  brain  stimu¬ 
lation  such  as  pallidal  or  subthalamic  high- 
frequency  stimulation.  By  most  accounts, 
these  interventions  provide  relief  from  symp¬ 
toms  through  depolarization,  causing  subse¬ 
quent  inhibition  or  activation  of  thalamic  nu¬ 
clei  and  their  outflow  to  the  cortex,  or  through 
subcortical  output  systems  (22).  This  type  of 
approach  is  based  on  an  understanding  of  the 
circuitry  involved  in  PD  (see  Fig.  47-2).  Also, 
neural  cell  transplantation  can  be  applied  to 
this  specific  circuitry,  but  as  a  form  of  “re¬ 
pair”  in  regions  involved  in  the  ablative  elec¬ 
trical  stimulations  because  these  regions  are 
dopaminoceptive.  Through  dopamine  synapse 
replacement  by  transplants,  improvements  to 
existing  patient  responses  to  l-DOPA  could 
be  obtained.  The  DA  released  in  the  STN  and 
SNr  are  of  exceptional  importance  for  normal 
motor  function  (44^8).  The  previous  focus 
on  transplantation  to  the  dopaminoceptive 
caudate-putamen,  although  useful,  may  have 
lacked  the  necessary  DA  replacement  needed 
for  normal  function  of  the  STN  output  to  mes¬ 
encephalic  locomotor  regions  and  YAWL 
thalamus  (Fig.  47-3). 

Indeed,  research  toward  transplantation  in 
PD  has  recently  indicated  that  additional  tar¬ 
gets  to  the  striatum  need  to  be  transplanted  for 
optimal  anatomic  and  functional  effects  to  oc¬ 
cur  (42^8).  Thus,  further  research  is  war¬ 
ranted  to  determine  the  effects  of  multiple 
stereotactic  targets  including  the  striatum, 
subthalamic  nucleus,  and  substantia  nigra, 
pars  reticulata.  This  will  allow  DA  reinnerva¬ 
tion  of  the  direct  (nigrostriatal)  and  indirect 
pathway  (including  STN)  of  frontal  and  cau¬ 
dal  output  systems  (to  the  substantia  nigra, 
pars  reticulata  and  possibly  beyond  in  the 
brainstem).  The  VTA  (A  10)  DA  input  to  layer 
6  is  relatively  intact  in  PD.  Preliminary  data, 
including  some  from  our  own  laboratories,  in¬ 
dicate  that  fetal  (or  equivalent)  dopaminergic 
neurons  can  innervate  all  DA  zones  depleted 
in  PD.  Experiments  in  progress  investigate  the 
specific  contribution  of  additional  targets  to 
functional  recovery  by  addressing  whether 
multiple-target  grafting  (CPU,  SNr,  STN)  will 
restore  function  in  a  PD  primate  model. 
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FIG.  47-3.  Transplantation  sites  in  puta- 
nnen,  substantia  nigra,  and  subthalamic 
nucleus.  Two  sites  in  the  putamen  will  be 
transplanted  (arrows),  and,  depending 
on  the  paradigm,  there  will  be  transplan¬ 
tation  to  the  subthalamic  nucleus  and 
the  substantia  nigra  (arrows)  (see  text). 
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Development  of  molecular  biological  techniques  has  resulted  in  discovery  of  genetic  mutations  that  are 
responsible  for  various  neurodegenerative  disorders  including  Parkinson’s  disease  (PD)  and  these  discoveries  are 
leading  to  better  understanding  of  the  pathogenesis  of  these  disorders  ^  Such  technologies  also  lead  to 
development  of  genetic  engineering  methods  as  potential  therapeutic  modalities  for  these  disorders  ^  This 
combination  of  development  anticipates  new  treatments  for  these  disorders  that  have  not  been  amenable  to 
traditional  therapies.  The  idea  of  gene  therapy  has  been  proposed  decades  ago,  but  a  successful  clinical  application 
has  not  yet  been  implemented As  with  most  of  the  scientific  developments,  the  initial  implementation  of  ideas 
reveals  unanticipated  problems  and  further  improvements  and  modifications  follow.  This  chapter  will  discuss  the 
basic  concepts  and  methodology  of  gene  therapy  including  recent  promising  advances  and  limitations  of  the  current 
techniques.  The  potential  of  the  gene  therapy  for  PD  will  then  be  illustrated  through  specific  examples  in  animal 
models  of  PD. 

1.  Basic  concepts  of  gene  therapy 

In  its  simplest  concept,  gene  therapy  delivers  DNA  materials  into  host  instead  of  the  final  desired  product, 
utilizing  the  internal  machinery  to  transcribe  the  DNA  information  into  RNA,  then  protein,  which  in  turn,  may 
produce  a  desired  product.  Delivery  of  DNA  provides  more  efficient,  sustained,  and  localized  supply  of  the  product 
than  delivering  the  product  itself.  The  defective  fimction  of  abnormal  genes  in  genetic  disorders  could  be 
complemented  by  normal  genetic  information.  In  cases  where  the  genetic  abnormality  leads  to  gam  of  toxic 
function,  a  good  understanding  of  the  mechanism  of  toxicity  is  necessary  in  order  to  intervene  and  neutralize  the 
toxic  function.  In  many  cases,  gene  therapy  does  not  directly  target  the  genetic  mutations,  but  rather  provides  a 
biological  minipump  that  delivers  pharmacological  compounds  directly  into  the  localized  sites  of  the  body  I 


II.  Gene  therapy  methods  for  the  nervous  system 


Two  general  approaches  have  been  employed  for  delivering  therapeutic  genes  into  target  tissues:  the  ex  vivo  gene 
therapy  by  which  cells  are  genetically  modified  in  vitro,  then  transplanted  into  the  host,  and  the  in  vivo  gene  therapy 
by  which  therapeutic  gene  is  introduced  directly  into  the  host  somatic  cells  in  situ,  using  viral  vectors  (Fig.  1). 
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I)  Ex  vivo  modality 

For  ex  vivo  gene  transfer,  the  cells  to  be  transduced  with  the  genes  should  be  easily  obtainable,  readily  cultured,  able 
to  express  the  transgenes,  and  undergo  the  selection  process  that  is  used  to  enrich  the  population  of  cells  transduced. 
The  cells  should  be  non-oncogenic,  immunologically  compatible  with  the  recipient,  and  survive  well  in  the  brain. 
The  cells  then  could  be  genetically  modified  to  secrete  the  neuroactive  substances  such  as  neurotransmitters  and 
neurotrophic  factors  and  serve  as  a  biological  pump  at  a  localized  site  in  the  brain.  Primary  skin  fibroblast  cells 
taken  from  adult  animals  satisfy  most  of  the  criteria  outline  above.  Fibroblasts  could  be  easily  obtained  from 
patients:  their  own  skin  biopsy  could  be  modified  into  customized  immunocompatible  donor  cells.  The  astrocyte  is 
also  an  attractive  cell  type  for  grafting  studies  in  the  CNS  due  to  its  intrinsic  supportive  role  in  the  CNS.  These  cells 
are,  however,  not  as  easy  to  transduce  with  retroviruses  as  fibroblasts  *. 

The  ideal  cells  for  CNS  somatic  gene  therapy  would  be  cells  of  CNS  origin  with  neuronal  features  such  as 
storage  mechanism,  secretory  pathways,  and  regulatory  signal  transduction  pathways  for  the  final  product.  Primary 
neurons  could  be  genetically  modified  to  boost  their  survival  or  alter  their  phenotypes.  To  avoid  obtaining  primary 
neurons  each  time,  while  reducing  the  risk  of  tumor  formation,  techniques  of  conditional  immortalization  using  non- 
transforming  oncogenes  have  been  employed*''**.  More  recently,  CNS  progenitor  cells  that  are  capable  of  cell 
division  have  been  isolated  from  fetal  and  adult  brains,  particularly  from  regions  that  undergo  neurogenesis  beyond 
the  developmental  ages  such  as  subventricular  zone,  olfactory  system  and  hippocampus  ",  but  also  from  other  areas 
of  adult  brain  These  were  propagated  in  the  presence  of  epidermal  growth  factor  or  fibroblast  growth  factor  ". 
These  cells  can  then  differentiate  into  glial  or  neural  phenotypes  in  culture  and  in  the  brain  after  transplantation 
Understanding  proper  differentiation  signals  for  the  desired  neuronal  phenotypes  would  provide  a  means  of 
generating  unlimited  supply  of  transplant  donor  cells.  For  example,  Nurrl  is  a  critical  transcriptional  factor  that  is 
important  in  development  of  dopaminergic  neurons  ‘*  '®.  Nurrl  has  been  shown  to  induce  a  dopaminergic 
phenotype,  mainly  the  expression  of  the  first  and  rate-limiting  step  of  dopamine  synthesis,  tyrosine  hydroxylase 
(TH)  in  neuronal  precursor  cells  However,  whether  Nurrl  alone  is  sufficient  to  induce  full-fledged  dopaminergic 
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phenotypic  expression  is  not  clear.  Meanwhile,  modifying  progenitor  cells  by  additional  neurotransmitter 
synthesizing  genes,  such  as  TH  may  be  necessary 

The  advantages  of  ex  vivo  gene  transfer  include  the  ability  to  control  and  monitor  the  gene  transfer  process 
before  the  cells  are  placed  back  into  the  subjects.  The  biochemical  effect  of  the  transgene  can  be  characterized  and 
potential  tumorigenesis  can  be  assessed.  Toxicity  of  the  virus  can  be  screened.  In  addition,  grafted  cells  may 
provide  useful  functions  beyond  what  is  provided  by  the  transgene,  such  as  serving  as  a  substrate  for  axonal  growth, 
or  restoring  synaptic  contacts  with  the  host  neurons.  However,  for  certain  applications,  direct  in  vivo  gene  therapy 
may  be  more  suitable. 

2)  In  vivo  or  direct  gene  transfer 

Host  CNS  cells  may  be  better  equipped  to  produce  the  desired  products  from  the  genetic  information  than 
foreign  donor  cells  since  they  may  possess  the  machineiy  necessary  for  the  post-translational  modification  of  the 
gene  products,  the  appropriate  cofactors,  and  the  ability  to  secrete  the  neurotransmitters  or  other  neuroactive 
compounds.  Viral  solutions  may  also  be  less  intrusive  than  grafts  to  the  normal  brain  physiology  because  grafts  of 
genetically  engineered  cells  could  disrupt  the  normal  architecture.  Moreover,  grafting  genetically  modified  cells  is 
more  suitable  for  delivery  of  secretable  products  that  act  on  cell  surface  receptors  such  as  neurotransmitters  and 
neurotrophic  factors,  but  not  for  delivery  of  intracellular  proteins  such  as  protein  kinases,  receptors  and  transporters. 
On  the  other  hand,  the  consequence  of  delivering  therapeutic  molecules  (e.g.,  dopamine)  directly  into  host  cells 
(e.g.,  striatal  neurons)  that  does  not  normally  express  such  molecules  is  not  as  predictable  as  delivering  them 
extracellularly  by  grafts  serving  as  a  biological  minipump.  Expression  of  the  gene  product  could  lead  to  untoward 
alteration  of  the  host  cell  flmction.  The  major  disadvantages  of  in  vivo  gene  transfer  also  include  the  safety  of  using 
viruses  directly.  Use  of  neurotrophic  viruses  such  as  herpes  virus,  adenovirus,  adeno-associated  virus,  and  lentivirus 
has  recently  been  shown  to  be  effective  in  gene  transfer  into  neurons. 


3)  Vector  constructs 
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Although  ntony  vtees  have  been  explored  as  vector  systems,  the  tollotving  vims  vectors  have  been  most 
extensively  applied  to  CNS  gene  transfer.  Each  has  its  own  advantages  and  disadvantages  and  them  does  not  seem 
to  be  a  clear  universal  vector  system  of  choice  at  this  point.  A  simplifted  general  scheme  of  vims  vectors  is 

described  in  Fig.  2. 

a)  Neurotrophic  virus  vectors  for  in  vivo  gene  therapy 

Herpes  simplex  type  I  virus  (HSV-1)  vectors  infect  a  wide  range  of  host  cells  includmg  post-mitotic 
nenrons  and  can  establish  latency  indefnitely  within  the  neuron.  Two  general  approaches  inclnde  1)  use  of 
recombinant  HSV  with  various  deletions  that  render  the  vims  repiication^defective  -  and  2)  ns.  of  an  amplicon 
based  on  plasmid  vectors  containing  the  transgene  pins  minimal  HSV  genes  such  as  origin  of  DNA  replication  and 
packaging  site.  Because  of  the  large  size  of  HSV,  development  of  safe  vectors  will  require  extensive  understanding 
of  the  genome  to  be  able  to  r«luce  the  nenrovimlence  and  cytotoxicity  On  the  other  hand,  the  large  size  of 

HSV  vimi  gmtome  (152  kilobase  pans  [kb])  also  allows  insertion  of  a  large  foreign  DNA,  which  may  prove  ven- 
useful  for  certain  in  vivo  CNS  gene  therapy. 


The  adenovirus  represents  an  attractive  candidate  for  direct  gene  transfer  into  the  CNS  because  of  its  high 
titer  vims  stocks,  efficient  infection  of  post-mitotic  cells,  and  the  relatively  benign  nature  of  the  vims  infection  ». 

-stranded,  linear  DNA  vims  that,  in  its  wild-type  form,  causes  a  variety  of  mtid  flu-hke 


I  achieve  efficient  gene  transfer  to  neurons,  microglial  cells,  and 


The  adenovirus  is  a  double¬ 
ailments.  The  potential  for  adenovirus  vectors  to  i 
astrocytes  in  vivo  have  been  noted  Expression  of  the  transgene  products  is  limited  in  duration,  probably  due  to 
the  immune  reaction  ftom  the  host  ”•».  Recent  constructs  of  adenovims  vectots  which  delete  all  viral  genes  show 
high  levels  of  stable  expression  with  minimal  toxicity  and  allow  inserts  of  up  to  37  kb  size 

Adeno-associated  vims  (AAV)  is  a  nonpathogenic  DNA  vims,  which  tequnes  helper  vuuses  such  as 
adenovims  mtd  hetpes  vims  for  productive  infection.  AAV  vectom  have  mhtimai  viral  sequences  of  their  own  and 
therefore  have  minimal  deleterious  consequences.  Because  of  the  small  genome,  AAV  can  accommodate  only 
about  5  kb  Inserts.  AAV  integtates  into  a  specific  site  in  the  chromosome  19ql3.3  ”,  and  long-term  expression  of 
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various  neural  genes  have  been  noted  in  the  CNS  with  minimal  host  reactions  .  Despite  its  limited  capacity  for 
transgenes,  AAV  may  be  the  safest  vector  capable  of  long-term  in  vivo  expression  at  this  point. 

b)  Retrovirus  vectors  for  ex  vivo  therapy 

Disabled  murine  leukemia  retroviruses  have  been  most  widely  used  for  gene  therapy,  especially  for  most 
ex  vivo  applications.  Retroviruses  infect  a  broad  range  of  cells  with  high  efficiency.  Many  generations  of  modified 
vectors  have  been  developed  to  lower  the  chance  of  recombination  event  that  can  lead  to  wild  type  virus  generation 
The  integration  of  pro  virus  into  the  chromosome  is  stable  and  precise,  but  the  location  is  apparently  random,  and 
therefore  could  produce  an  insertional  mutation  by  disrupting  a  normal  gene.  Homologous  recombination  of  the 
retroviral  vectors  with  the  retroviral  genome  in  the  packaging  cells  could  generate  the  wild  type  virus,  which  can 
lead  to  the  formation  of  tumors  However,  current  generation  of  packaging  cells  has  minimal  overlap  of 

sequences  with  helper  viruses  and  the  helper  virus  genes  are  separated  into  two  separate  plasmids  ”to  further 
minimize  the  possibility  of  recombination.  Disadvantages  of  retroviral  vectors  include  relatively  low  viral  titers, 
usually  less  than  10^  infectious  units  per  ml.  The  size  of  the  gene  that  can  be  inserted  is  limited  to  8  to  10  kb. 
Retroviruses  also  require  dividing  cells  with  active  replication  and  DNA  synthesis  for  the  provirus  integration  to 
occur  Therefore,  retroviruses  are  not  useful  for  in  vivo  gene  transfer  into  non-dividing  cells,  but  remains  as  the 
mainstay  tool  for  ex  vivo  therapies. 

c)  Hybrid  vectors 

Hybrid  vectors  combine  advantageous  properties  of  different  virus  vectors  A  good  example  of  hybrid 

vectors  is  lentiviral  vector  which  combines  the  ability  of  the  human  immuno-deficiency  virus  (HIV-1)  to  insert  a 
provirus  copy  into  the  genome  of  nondividing  cells  with  wide  host  range  and  high  infectivity  of  stomatitis  virus  G 
surface  glycoprotein.  Unlike  other  retroviruses,  lentiviruses  can  infect  non-dividing  cells  by  using  nuclear  import 
machinery  to  gain  entry  into  the  nucleus  in  quiescent  cells  and  then  integrating  viral  DNA  into  the  host 
chromosome.  Stable  transgene  expression  in  neurons  was  noted  in  vivo  for  up  to  3  months  without  appreciable 
pathological  changes  and  immune  response  Because  the  HIV  prevents  cells  from  undergoing  mitosis, 
development  of  packaging  cell  lines  that  can  facilitate  vector  generation  has  been  hampered.  Further  safety  of  the 
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vectors  most  be  assured  before  clinical  use  of  this  HIV-based  vectors  can  be  contemplated.  Another  example  of 
hybrid  viruses  is  HSV/AAV  vector.  AAV  rep  gene  and  inverted  terminal  repeats  of  AAV  are  incorporated  into 
HSV  amplicon  vectors  to  enable  amplification  and  specific  integration  of  desired  gene  into  chtomosome  These 
new  generation  of  hybird  vectore  may  provide  ideal  tools  circumventing  the  safety  issues  and  achieving  long-tetm 

expression  of  the  transgenes. 


d)  Further  development  of  gene  therapy  vectors 

Before  these  gene  therapy  methods  cm.  be  applied  to  human  nenrodegeneradve  disorders,  several  issues  need  to  be 
resolved.  Safety  issues  of  gene  therapy  vectors  have  been  discussed  above  and  a  great  deal  of  progress  has  been 

made  in  this  regard.  Another  safety  issue  concerns  the  transgene  itself  Expression  of  the  transgenes  and  secretion 

of  the  transgene  products  into  the  serum  can  leml  to  immune  responds  to  the  transgene  products.  However,  it  is  not 
clear  whefirer  immune  sysmm  can  recognize  the  transgene  products  that  are  expre^ed  intracellularly  but  are  not 

secreted. 


Another  problem  of  gene  therapy  has  been  the  urability  to  obtain  long-term  stable  transgene  expression  In 
vh-o  «.  Long-term  expression  is  easily  achieved  in  cultures  throughout  many  passages  of  donor  cells.  Once  the 
cells  are  implanted  in  animals,  however,  transgene  expression  diminishes  rapidly  «.  Although  this  remains  an 
unrerelved  problem,  several  possibilities  appear  promismg.  Vectors  that  lead  to  integration  of  the  transgenes  into 
the  chromosomes  rue  more  likely  to  be  stable  than  vectors  that  stay  eplsomal.  In  addition,  integration  sites  utilized 


by  the  vectors  play  a  significant  role  in  the  transcriptional  activity  of  the  transgene, 
chromosome  during  active  division  but  the  integration  site  may  become  dormant  in 


Retroviruses  integrate  into  the 
the  quiescent  state  that  grafted 


cells  assume  in  vivo.  Taking  advanrage  of  fire  abili»  of  Wivirus  .0  enter  ink.  .he  nucleus  of  uon-dividing  neurons, 
and  to  integrate  into  sites  that  are  active  during  quiescence,  investigators  have  been  able  to  achieve  long-tem, 


expression  of  transgenes  in  neurons  of  the  CNS  «.  AAV  also  integrates  into  the  genome 
Shown  promise  in  its  ability  to  sustain  long-term  gene  expression  in  vivo 


of  host  neurons  and  has 
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Promoter  types  may  also  significantly  influence  long-term  expression.  Most  gene  therapy  vectors  contain 
viral  promoters  to  express  the  transgenes,  but  their  transcriptional  activity  may  be  suppressed  m  the  somatic  cells. 
Promoters  of  endogenous  cellular  genes  such  as  a  constimtive  housekeeping  gene  promoters  «  or  cell  type-specific 
promoters  have  had  some  initial  success.  However,  most  tissue-specific  promoters  have  a  low  basal  activity.  A 
more  recent  approach  has  shown  enhanced  transcriptional  activity  from  synthetic  promoters  engineered  from  a 
combination  of  operator  elements The  effect  of  the  promoter  may  depend  on  the  cell  type  and  vectors  used 

Although  the  current  focus  is  on  achievement  of  high  and  stable  expression  of  transgenes,  excessive  levels 
of  products  such  as  L-DOPA  are  likely  to  produce  adverse  side  effects  such  as  dyskmesias.  Optimal  levels  are 
critical  for  physiological  function  of  many  substances,  and  the  ability  to  regulate  the  transgene  expression  is 
important.  Promoters  that  can  be  regulated  externally  or  have  a  built-in  feedback  mechanism  will  be  an  important 
advance  for  the  future.  One  such  system  was  developed  to  express  the  transgene  by  promoters  whose  activities  can 
be  either  turned  on  or  off  by  administration  of  tetracycline  both  in  vitro  and  in  vivo  Other  combmation  of 
nontoxic  substances  and  heterologous  transcription  factors  that  bind  to  regulatable  promoters  have  been  developed 

49,50 


III.  Strategies  of  gene  therapy  for  Parkinson’s  disease 

1)  Dopamine  replacement  by  delivering  neurotransmitter  synthesizing  genes 

The  pathogenesis  of  PD  is  well  understood  and  the  efficacy  of  replacing  the  neurotransmitter  dopamine  is  well 
established.  However,  long-term  treatment  with  the  precursor,  L-3,4-dihydroxyphenylalanme  (L-DOPA)  produces 
dyskinesia  and  fluctuations  in  most  patients.  These  problems  can  be  either  prevented  or  reduced  by  continuous 
delivery  of  dopamine  into  striatum  Various  dopamine  producing  cells  including  dopaminergic  fetal  neurons  can 
also  provide  continuous  and  site-specific  dopamine  deliveiy  «.  However,  given  the  limitations  in  obtaining  proper 
fetal  tissues  in  sufficient  amounts,  alternative  sources  of  donor  cells  such  as  xenografts  and  genetically  engineered 
cells  have  been  proposed.  To  provide  L-DOPA  into  the  brain  by  gene  therapy,  initial  studies  have  focused  on 
introducing  TH  gene,  which  is  the  first  and  rate-limiting  step  of  dopamine  synthesis,  usmg  established  cell  lines 
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such  .s  ra.  fibroblast  208F  cells  »,  NIH3T3  cells,  and  eudocrine  cell  lines.  A,T-20  and  RIN  cells  »  Subsequenlly. 

overconre  .he  problems  »id,  the  mmor  cell  lines,  primary  cells  such  as  fibroblas.  cells  or  ashecyres  •  have  been 
shown  to  produce  long-term  graft  survival  without  tumor  formation  or  immunological  rejection.  More  recently, 
neuronal  precursor  cells  have  been  genetically  modlfiKl  to  express  dopmuinergie  phenotype,  but  their  efficacy  in  in 
vivo  models  Is  not  clear  yet.  In  addition,  direct  l«  vivo  TH  gene  transfer  Into  the  brain  cells  using  viral  vectors  has 
also  been  aftempmd  -  Mos,  of  «,e«  sUrdies  have  shown  parfial  reversal  of  apomorphlne-induced  rorarion,  which 

is  used  as  a  rodent  behavioral  model  of  PD. 


Further  refinement  of  the  L-DOPA  delivery  has  been  achieved  by  using  the  gene  GIF  cyclohydrolase  1 
(GCHl),  which  is  the  firs,  mrd  rate-limiling  step  in  the  biosynfiresis  of  teftahydrobiopKrin,  an  essential  cofactor  for 
TH.  Experimenml  gene  drerapy  snrdies  have  shown  drat  drat  double  ftansducion  wid,  TH  and  GCHl,  by  either  ur 
vivo  »  or  in  vivo  ”  gene  ftansfer,  is  necessary  for  sufficient  L-DOPA  and  dopamine  production  in  rat  models  of  PD 
(Fig.  3  A).  Mictodialysis  studies  have  shown  direct  biochemical  evidence  for  the  efficacy.  These  smd.es  have  also 
pointed  out. he  limitadons  of  dre  romdonal  behavioral  model,  which  have  conftibumd  to  misleading  conciusions  of 
previous  smdies  abou.  dre  efficacy  of  using  TH  gene  alone.  Impormnce  of  GCHl  has  been  underlined  by  dr. 
finding  that  mutations  In  GCHl  in  L-DOPA-responsive  dystonia  (DRD)  patients  iead  to  loss  of  rts  functron  to 
generam  co&Cor,  redahydrobioprerin  (BH.) ».  nre  absence  of  cofacror  results  in  dre  lack  of  L-DOPA  and 
dopamine  production,  paficinsonism  and  dystonia  of  DRD  patienm.  lnmr«.ingly,  symptoms  of  DRD  patienm  can  be 
almost  completely  ameliorated  by  L-DOPA  drerapy  widrou.  development  of  long-mrm  complicarionsthat  is 
commonly  observed  in  PD.  Such  an  ideal  rmponse  d.  L-DOPA  in  DRD  abrogams  any  need  for  gene  drerapy,  but 
provides  us  wid.  an  insight  as  »  dr.  impormnce  of  .vend  dra.  occur  downsneam  from  production  of  L-DOPA,  in 

the  therapy  of  PD. 


The  second  step  in  dopamine  syndresis  Is  deearboxylafion  of  L-DOPA  to  dopamine  by  aromadc  L-amino 

acid  dccarboxylase(AADC).AId.ou^d.ereseems.obesomedec»boxyla.ionofL-DOPA.odo^mine  even  with 

severe  dopaminergic  neuronal  loss  in  animal  models  and  patienm  wid.  PD  the  exact  source  and  sites  of  AADC 

AADC  was  provided  within  the  genetically  modified  grafts  producing  L- 


m 


vivo  are  not  clear  When  < 
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DOPA,  the  final  levels  of  L-DOPA  and  dopamine  decreased,  presumably  due  to  the  feedback  inhibition  of 
dopamine  on  TH  Therefore,  keeping  the  cytoplasmic  dopamine  levels  low  by  sequestering  it  into  the  vesicles  at 
high  concentrations  seems  to  be  a  critical  strategy  of  dopamine  delivery Combination  of  L-DOPA-producmg 
cells  with  cells  that  can  decarboxylate  L-DOPA  to  dopamine  and  storage  them  in  vesicles  may  be  more  optimal,  but 
this  has  not  been  tested  directly  yet  (Fig.  3B). 


In  the  strategies  of  providing  a  source  of  L-DOPA  or  dopamine  as  described  above,  the  precise  control  of 
the  exact  amount  of  L-DOPA  or  dopamine  given  by  the  gene  therapy  will  be  critical  and  may  be  difficult  to  achieve. 
Excessive  dopamine  will  be  detrimental  to  the  patients.  One  could  attempt  to  control  the  precise  levels  by  usmg  the 
regulatable  promoters  described  earlier.  We  proposed  another  approach  of  combining  the  precursor  L-DOPA 
administration  with  genetic  machinery  to  process  L-DOPA  more  efficiently  «.  Providing  additional  AADC  in  the 
denervated  striatum  of  rat  models  of  PD  resulted  in  higher  levels  of  dopamine  produced  from  L-DOPA 
However,  increasing  the  level  of  dopamine  is  not  as  critical  as  prolonging  the  duration  of  elevation  and  buffermg 
the  fluctuating  levels  of  dopamine  following  administration  of  L-DOPA.  Combined  use  of  AADC  for 
decarboxylation  of  L-DOPA  and  vesicular  monoamine  transporter  (VMAT)  for  efficient  storage  of  dopamine  within 
cells  sustained  high  levels  of  dopamine  from  L-DOPA  administration  compared  to  using  only  AADC  (Fig.  3C). 
This  underlines  the  importance  of  storage  and  gradual  release  of  dopamine  in  pathogenesis  and  treatment  of 

fluctuating  responses  in  PD. 

Although  site-specific  and  sustained  delivery  of  dopamine  would  provide  a  major  advance  in  PD  therapy,  it 
is  not  clear  whether  this  approach  will  be  sufficient  to  restore  the  entire  symptom  complex  of  PD  including  some  of 
the  L-DOPA-associated  complications  such  as  dyskinesia.  The  role  of  nondopaminergic  system  in  PD  needs 
explored  further.  In  addition,  restoration  of  neuronal  connectivity  by  the  graft  and  complex  functions  such  as 
feedback  interaction  of  dopaminergic  neurons  with  the  striatal  neurons  may  be  important.  However,  it  is  not  clear 
whether  such  proper  interactions  could  be  restored  even  with  fetal  dopaminergic  neurons  or  dopaminergic  neuronal 

cell  lines  generated  by  ex  vivo  gene  therapy. 
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2)  Repat,  aad  proleoloa  strategy  by  aearatrophtc  facto,  delifcy 


•  •  fU  HiiltrNS  Although  the  precise  mechanism  of  the 

desenerado„ofPD.do...own,ne.».™phicf.o.o.o,^^ 

■  event  Several  grotwh  factors  that  have  shown  to  possess  trophic  activity 

cascade  regardless  of  the  initial  triggering  event.  Several  g  .  ,  tl  NT  4/5  basic 

tgedop«nh.ergicsysten,.cl»debra..deHved„enrotrophicfactor(BOm 
fibroblast  growth  fiictor  (bFGF),  transforming  growth  factor  B  (TOFU),  and  glial  cell  line  denve 

,,ofthesefactorshaveboenshow„»e„hancedopam.e„emonalce.,viabi,.^ 

It  nines”"  In  vivo  effects  have  been  mostly  noted  by  neurotrophin 

appeartobemediatedbyindirecteffectsonothercelltypes  .  Invtvo 

and  GDNF  family  members,  in  vivo  delivery  of  BDNF  enhances  striatal  doparome  tamo 

dopam.emrnov.,asweiiasc.nsescont.alatera,rotationsa„dlocomotorach^^^ 

Obect..sionofBONFabove.eSN.creases.eFnh.r.eandeven.en„mberofele«^^^^^^^^^^ 

rdNF  and  its  receptor,  TrkB  in  the  adult  SN 

„e.irons”inm.pivotaibtaintegion.Thep^neeandexpressi  developing  CNS. 

indicines  that  BDNF  may  regulate  DA  fimction  under  tmnnal  physiological  cond  ' 

striatal  BDNF  is  retrogradely  transporKd  to  DA  neurons  in  adult  brain  ".  Inhision  of  of  NT-d/S  mm  e  ven 

mesmcephalonalsocauseshmreaseds.atalDAn.overandteleasea„dioc^^^^^^ 

U  omnhf^tamine-induced  contralateral  turning  and  decreases 
lafinti  The  NT-3  molecule  also  enhances  amp 

lbomspo„taneousa„damphenunme.mduc.motorbeh.vior...^ 

b.creasedDAleve.sandtumovermtheSN,ande.ancedDAtarnoverandconse,uent 

w.InmsionofODNFintothestriaturnresuitsinr^rogradetranspotttothe^  ■ 

Tbeseresul.ssuppotttheconceptmatevenmtheadu,tbmm,deveiopmental,yd.p^^^^^^ 

able  to  augment  DA  nemonal  function.  The  problem  with  pharmacological  delivery  of  the  pepti  erg  g 

fecmrsisaccesstothebram.Theno„rinalde.iverymethodsofthesesubstancesBedu^ 

abcumve„tthebiood.btam-bariier,forinstancebyneurosurgicaim™^^^^^ 
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These  methods  are  site-specificic  but  invasive  and  often  unpredictable.  Tissue  damage  at  the  cannula  placement  site 
is  frequently  seen.  Moreover,  effective  delivery  is  limited  by  diffusion  properties  of  the  factor  withm  brain 
parenchyma  ‘I  Additionally,  intraventricular  administration  of  the  TrkB  ligand  BDNF  is  ineffective  due  to  binding 
by  truncated  TrkB  receptors  which  are  present  in  the  ependymal  lining  of  the  ventricles. 

As  an  alternative  to  direct  infusion,  methods  for  cell-mediated  delivery  of  therapeutic  proteins  have  been 
developed  including  ex  vivo  as  well  as  in  vivo  gene  transfer.  Implants  of  BDNF-producing  fibroblast  cells 

protected  against  neurotoxins  such  as  6-hydroxydopamine  (6-OHDA)  »  and  l-methyM-phenylpyridinium  (MPP^) 

In  addition,  sprouting  of  dopaminergic  fiber  has  been  demonstrated  in  BDNF-transduced  fibroblasts  implanted 
into  the  midbrain  GDNF  has  been  delivered  into  rat  substantia  nigra  neurons  by  adenovirus  or  AAV  vectors  and 
protected  these  neurons  from  progressive  degeneration  induced  by  6-OHDA  lesion  of  the  dopaminergic  terminals  in 
the  striatum  A  more  practical  approach  of  injecting  the  viruses  into  the  striatum  resulted  in  cellular  and 
behavioral  protection  from  striatal  6-OHDA  lesions  *’•**. 

3)  Other  potential  targets  of  gene  therapy  for  Parkinson’s  disease:  intervention  of  pathogenesis 

Understanding  the  etiology  and  pathogenesis  of  PD  may  allow  us  to  intervene  directly  at  the  level  of  pathogenesis 
and  forestall  the  clinical  manifestations  or  stop  progression  of  the  disease.  Although  the  etiology  of  PD  is  still  not 
known  for  most  cases,  recent  discoveries  of  mutations  in  a-synuclein  in  families  with  autosomal  dominant 
inheritance  of  PD  '•'  and  parkin  in  families  with  autosomal  recessive  juvenile  parkinsonism  ’  may  provide  us  new 
clues.  Knowledge  of  the  precise  steps  by  which  these  mutations  lead  to  dopaminergic  neuronal  death  could  allow  us 

to  apply  these  findings  to  sporadic  form(s)  of  PD  as  well. 

Although  the  precise  strategy  awaits  further  understanding  of  the  mechanism  of  the  toxicity  by  the  genetic 
mutations,  general  therapeutic  approaches  for  a  known  genetic  defect  can  be  outlined.  For  autosomal  recessive 
genetic  disorders  which  commonly  confer  a  "loss  of  function",  augmentation  of  the  missing  genetic  information 
may  restore  the  abnormalities.  On  the  other  hand,  a  dominant  disorder  may  involve  a  "gain  of  function"  induced  by 
the  mutant  protein.  For  these  disorders,  it  is  not  possible  to  simply  replace  the  defective  gene  with  a  normal  one. 
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Techniques  for  specifically  targeting  the  abnormal  sequence  and  replacing  it  with  a  normal  sequen 

.The.— of.ene»pr.ss,o„.^ 

lyCe..,  — .«KN.has.e„«se..ha™pe,— ,p™c. 


transport 


and/or  translation  of  mRNAs  in  a  variety  of  cell  types. 


Intervention  further  dovmstteam  of  the  abnonn.1  protein  expression  will  be  possible 

„of.hen,n.an.pto.e..shnown.— calb^ 

envisaged  by  introducing  genes  that  will  produce  inhibitory  substances.  In  addition,  ev«l  in  cases  » 
.ncrtonofd,en,u«p....— 

.nntnetapptoacheship«ve„.grtiseasep— .  Pot. xa„pl... he  genes  pteven..g  apoptosis  could  be 

•  j  -9*  riven  the  Dossible  role  of  oxidative  stress  m 
expressed  in  dopaminergic  neurons  to  save  them  from  their  demise  . 

f  frpe  radical  scavenging  enzyme,  such  as  superoxi 

dopa.h.etgicneutonaldege.eta.ionlnPD,ovetexpt.ssionofheetadicalsc. 

frnm  Heseneration.  Experimental  models  show  that  SO 

dismutase  (SOD)  may  protect  dopaminergic  neurons 

°  p  •  itv«  In  addition,  SOD  enhances  the  survival  of 

ove— on  ptotecridopaininetgic  neurons  ftoinlhe  neurotoxicity  . 

the  grafted  neurons 

in  summary,  gene  therapy  has  the  potenM  to  provide  an  efficient  deliveiy  of  various  genes  and  ptoducri 

mtoaltrt.xedsite.Alongwlthadvances.n.»genedcdricoveriesm,dundert.^^^ 

..maypmvldethemostefriclentmeansof.etapen.lc— natapptoptiate.^^^^  in  addition,  gene 

_expe..nricon.bu.em.t.etundets— fthe.^^^^^^^^^^ 

concept  dia.  could  bridge  die  new  molecular  undetstandmg  of  the  diseas 
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Figure  Legend 

Fig.  1  Experimental  schemes  fcrtn»nstermg  genes  into  the  CNS.  Two  general  methods  of  gene  transfer,  in  v/ro 

and  ex  vivo,  are  schematically  depicted.  For  details,  please  see  the  text. 

Fig  .2  An  idealized  scheme  for  general  vims  vectors.  Wild-type  viruses  are  engineered  to  produce  virus  plasmid 
vector  which  has  minimal  viral  genes  necessary  for  packaging  the  vector  into  the  virus  parieles.  Other  viral  genes 
are  deleted  to  reduce  deleterious  effect  and  make  mom  for  insertion  of  therapeutic  genes.  Viral  components 
necessary  to  genemte  infective  particles  are  introduced  Into  the  packaging  cells  separate  from  the  virus  plasmid 
vector.  Packaging  cells  dren  produce  Infective  virus  particles  containing  dr.  therapeutic  transgene,  but  minimal  or 

no  virus  genes. 


Fig.  3  Dopmnine  replacmnent  sdategy  for  Parkinson’s  disease  by  gene  transfer.  A.  Cells  expressing  «,rosin. 
hydroxylase  (TH)  and  OTP  cyclohydrolase  1  (GCHl)  are  grafted  into  the  striatum.  The  L-DOPA  produced  by  these 
cells  (dotted  line)  is  converted  by  endogenous  ammadc  L-amino  acid  decarboxylase  (AADC)  to  dopamine  (solid 
line).  B.  Cells  expressing  AADC  and  vesicular  monoamine  transporter  (VMAT)  could  be  cograded  wid,  L-DOPA- 
pmduclng  cells  to  provide  addidonal  source  of  decarboxylation  and  stomge  of  dopamine.  C.  An  alternative 
strategy  combines  the  use  of  AADOVMAT  cells  with  exogenous  administration  of  L-DOPA.  Utese  cells  mctease 
the  efficacy  of  L-DOPA  by  pmviding  additional  decarboxylation,  and  inerei«d  storage  and  sustained  release  of 


dopamine. 
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Abstract- — Embryonic  neurons  transplanted  to  the  adult  CNS  extend  axons  only  for  a  developmentally  .defined  period. 
There  are  certain  intercellular  factors  that  control  the  axonal  extension,  one  of  which  may  be  the  expression  of  the  bcl-2 
protein.  In  this  study,  rats  with  complete  striatal  dopamine  fiber  denervation  received  embryonic  day  14  mouse  ventral 
mesencephalon  cells  overexpressing  human  bcl-2  or  control  wild-type  ventral  mesencephalon  cells.  All  rats  were  treated 
with  cyclosporine  to  prevent  rejection  and  the  surviving  grafts  were  analyzed  for  cell  survival  and  outgrowth*  of  dopamin¬ 
ergic  fibers.  The  results  demonstrate  that  bcI-2  overexpression  does  not  enhance  neuronal  graft  survival.  However,  the  bcl-2 
overexpressing  neurons  had  a  higher  number  of  dopaminergic  fibers  that  grew  longer  distanles.  V 
These  results  show  that  overexpression  of  bcl-2  can  result  in  longer  distance  axonaL^pw^,  of  tr^splanted  fetal  dopa¬ 
minergic  neurons  and  that  genetic  modification  of  embryonic  donor  cells  may  enhancetheinabiiity  to  reinnervate  a  neuronal 
target  territory.  ©  2001  IBRO.  Published  by  Elsevier  Science  Ltd.  All  rights  reserved,  x 
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The  adult  brain  is  less  permissive  for  axonal  growth  and 
regeneration  than  the  fetal  or  neonatal  brain.  However, 
transplanted  fetal  neurons  can  also  grow  axons  in  adult-^' 
brain  environments.  Typically,  fetal  dopamine  (DA)  cells '  ^ 
transplanted  to  the  adult  striatum  will  grow  and  cpate  a  ^ 
new  zone  of  DA  axons  and  synapses  associate!  with  .^ 
behavioral  recovery,*'^  With  current  transplahtationf 
methods,  careful  histological  analysis  hasf^shpwn  That 
even  with  a  large  number  of  surviving  BA'  nemt)ns, 
only  a  part  of  the  target  immediate!/  s^ouilding  the 
graft  is  fully  reinnervated.  In  cont^asti  duriiigThe  host’s 
neonatal  period,  implanted  n|ur(&s  migrate  into 
the  surrounding  brain  and  "extetfi '  ^ons  for  longer 
distances.  The  host 'age  ^  which  transplanted 
embryonic  ventral  mesehcephatpn  (VM)  neurons  show 
much  restricted  axortal  elpngatiSn  occurs  between  post¬ 
natal  day  8  and  ” 

A  number  ol  factors  an!  redundant  molecules  control 

- - — - - - 
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6-OHDA,  6-hydroxydopamine;  AP,  antero-posterior; 
DA,  dopamine;  E,  embryonic  day;  hubcl-2,  human  bcl-2;  GDNF, 
glial-derived  neurotrophic  factor;  NGS,  normal  goat  serum;  PNS, 
peripheral  nervous  system;  PBS,  phosphate-buffered  saline;  SN, 
substantia  nigra;  SNc,  substantia  nigra  pars  compacta;  TBS,  tris- 
bufifered  saline;  TH,  tyrosine  hydroxylase;  VM,  ventral  mesence¬ 
phalon;  VTA,  ventral  tegmental  area. 


^.paxShial  grbwth.  Key  factors  include  growth-associated 
!!  jpfoteihS,  activated  cytoskeletal  proteins,  calcium,  cyclic 
and  other  second-messenger  systems. 

We  bcl-2  molecule  has  been  suggested  to  have  the 
capacity  to  induce  and  maintain  axonal  growth.’’^®  The 
bcl-2  gene  was  discovered  as  a  proto-oncogene  of  a  folli¬ 
cular  lymphoma  translocation  In  non -pathological 
roles,  bcl-2  is  considered  an  anti-apoptotic  factor  against 
ischemia^^’^®,  traumatic  brain  injury®,  growth  factor 
deprivation,  or  generation  of  free  radicals. 

Bcl-2  is  highly  expressed  in  the  brain  in  the  middle  to 
late  gestational  phase.  These  levels  are  reduced  after 
birth,  except  in  regions  with  late  differentiation  such  as 
the  dentate  gyrus. The  highest  levels  of  bcl-2  expres¬ 
sion  occur  during  the  fetal  phase  and  are  seen  in  the  cells 
of  the  ventricular  zones  and  in  post-mitotic  neurons 
during  the  period  of  naturally  occurring  cell  death.  Bcl- 
2  expression  is  high  in  the  cortical  plate,  peaking  around 
embryonic  day  (E)  16.^^’^^  Bcl-2  levels  decline  in  most 
CNS  neurons  over  the  adult  period,  but  remain  relatively 
higher  in  neurons  of  the  peripheral  nervous  system 
(PNS).32.33 

The  peaks  of  bcl-2  expression  coincide  with  axonal 
elongation^^  suggesting  a  protective  function  distinct 
from  its  anti-apoptotic  actions.  Chen  et  alP  used  mice 
overexpressing  human  bcl-2  (hubcl-2),  coupled  to  a 
neuron  specific  enolase  promoter.  Retino-tectal  co¬ 
cultures  prepared  from  these  mice  maintained  axonal 

1 


Neuroscience  A4  280mm  deep  -  NEW  STYLE  -  | 


AUTOPAGINATION  2 


NSC4945 


23-03-2001  10:12! 


all  klh 


Alden 


2 


K.  H.  Holm  et  ai 


growth  to  the  tectum  after  El 8,  in  contrast  to  wild- type 
control  cultures. Reduced  levels  of  bcl-2  decrease 
axonal  growth  of  sensory  neurons*^  and  in  co-cultures 
prepared  from  retina  and  tectum  of  bcl-2  knockout 
mice.  Cultures  from  El 8  homozygote  bcl-2  knockout 
mice  showed  an  80%  decrease  of  axonal  growth 
compared  to  wild-type  cases.  Immunohistochemistry  of 
fetal  retinal  tissue  also  indicates  an  absence  of  bcl-2 
immunoreactivity  in  normal  retinas  at  El 8^,  the  time 
when  axonal  extension  in  this  system  normally  stops. 
The  ability  of  the  PNS  to  regenerate  axons  and  the  persis¬ 
tence  of  bcI-2  expression  in  these  cells  are  consistent 
with  the  idea  of  a  growth  promoting  effect  of  bcl-2. 
Notably,  bcl-2  expression  has  been  described  in  the 
superior  cervical  ganglion  and  the  dorsal  root  ganglion 
of  5-month-old  mice.^^  Furthermore,  axotomized  retinal 
axons  in  postnatal  day  4  bcl-2  overexpressing  mice 
successfully  grew  across  a  knife  cut  lesion  to  innervate 
the  tectum.’  The  role  of  bcl-2  in  axonal  growth  is  also 
demonstrated  in  a  cell  line  showing  that  vector  expressed 
hubcl-2  causes  increased  neurite  formation.^’  Over¬ 
expressing  bcl-2  in  a  neural  crest  derived  cell  line  by 
adding  sense  cDNA  results  in  enhanced  axonal 
outgrowth."^^ 

In  the  present  experiment,  we  hypothesized  that  trans¬ 
planted  hubcl-2  overexpressing  fetal  DA  neurons  would 
grow  axonal  terminals  over  a  larger  striatal  adult  rat 
target  territory. 

EXPERIMENTAL  PROCEDURES 

Cell  culture 

E14  mice  were  obtained  by  crossing  males  overexpressing 
hubcl-2  (line  73,  D.F.  Chen,  Schepen  Eye  Research  Institute, 
HMS,  Boston,  MA)  with  wild-type  female  progeny,  resulting  in 
50%  bcl-2  transgenic  and  50%  wild-type  embryos.  Mice  geno-  ^ 
types  were  determined  by  polymerase  chain  reaction  from 
samples.  Primary  VM  neuronal  cultures  (95%  neuronal)  w^fe 
obtained,  as  previously  described. Briefly,  tissue  wasrdisso- 
ciated  by  incubation  in  0.025%  trypsin  solution  (37®C,  IS  min;  4 
Sigma,  St.  Louis,  MO)  and  triturated  in  a  solution  of  i>NAse  » 
(0.01%;  Sigma)  and  trypsin  inhibitor  (0.05%;  Sigina).^Is6iated' 
cells  were  resuspended  in  Dulbecco’s  modified  ®|le|f  medium 
(GIBCO,  Grand  Island,  NY)  containing  heat-ih^actiyated?lfiorse 
serum  (10%),  glucose  (6.0  mg/ml),  peijiclllin^  (l0,Cfc6  U/ml), 
streptomycin  (10  mg/ml;  Sigma),  (2mM; 

GIBCO).  Five  hundred  microliters  of  >u$ension  containing 
lx  10®  cells/ml  were  plated  ontofglas;i  cov&lips  precoated 
with  poly-L-lysine  (Sigma)  in  e^ch  Well  bf  24-Well  trays  (Falcon; 
Becton  Dickinson  Labware,  IJrahklm  L&s,  NJ)  containing  500  p.1 
of  serum-containing  mediuift  Unattached  cells  were  aspirated 
after  1  hr  and  1  ml  gjafresh^  serum-containing  medium  was 
added.  After  one  dayi^f  cultufe^ithe  medium  was  replaced  with 
defined  medium  (N2'CocktaiLGIBCO).  After  two  days,  cultures 
were  fixed  for  1  ^  wijh  4^  ■  paraformaldehyde/4%  sucrose  in 
phosphate-buffered  saline  (PBS).  Fixed  cells  were  preincubated 
in  10%  nonnal.  goat  sertim  (NGS),  then  incubated  in  rabbit  poly¬ 
clonal  antibody  N^gainst  tyrosine  hydroxylase  (TH,  Pel-Freeze, 
AK;  LSOO)  'aj^id  titonoclonal  antibody  against  hubcl-2  (Santa 
Cruz,  1 : JpO)  for  48  h  at  4®C.  After  additional  rinsing 

3x10  mii|j^:^BS,  cultures  were  incubated  for  1  h  in  PBS  with 
2%  NGS,  biotinylated  goat  anti-mouse  (Sigma,  St.  Louis,  MO; 
1:200)  and  biotinylated  goat  anti-rabbit  (Vector  Laboratories, 
Burlingame,  CA;  1:200)  secondary  antibodies  at  room  tempera¬ 
ture.  After  rinsing  in  PBS,  cultures  were  subsequently  processed 
with  standard  Vectatstain  (Kit  ELITE,  Vector  Laboratories)  with 
3,3-diaminobenzidine  substrate  resulting  in  a  brown  reaction 


product  (visualization  of  TH  positive  cells),  and  with  Vector 
VIP  substrate  kit  (#SK4600),  resulting  in  a  violet  reaction  product 
(visualization  of  hubcl-2  positive  cells).  Under  light  microscopy, 
the  two  reaction  products  were  clearly  distinct  by  color.  Controls 
with  omission  of  primary  antibody  were  performed  to  verify  the 
specificity  of  staining. 

6-OHDA  lesions 

Adult  female  Sprague-Dawley  rats  (300  g,  Charles  River 
Laboratories,  Wilmington,  MA)  received  unilateral  6-hydroxy- 
dopamine  (6-OHDA)  (4  p.1  of  3  p-g/p-l)  by  stereotaxic  injection 
into  the  medial  forebrain  bundle  using  a  10  pLl  Hamilton  syringe 
at  the  following  coordinates:  Antero-posterior  (AP):  -4.4,  L: 

—  1.4  and  V:  -7.8,  incisor  bar:  -2.3  mm.  6-OHDA  was  infused 
at  a  rate  of  1  |jil/min,  and  the  needle  was  left  in  place  for  an 
additional  2  min  prior  to  withdrawal.  To  verify  a  complete  DA 
denervation,  animals  were  tested  for  amphetamine-induced 
(5  mg/kg)  rotational  asymmetry  using  automated  rotometers 
(San  Diego  Instruments), one  to  two  weeks  post-lesion. 

Ten  rats  with  a  net  ipsilateral  rotation  greater  than  800  rotations 
per  90  min  (reflecting  an  approximate  97%  DA  depletion)  were 
divided  into  two  experimental  groups  balanppd  with  respect  to 
pre-transplant  rotation  scores.  The  near  tqjaf  striatal  DA  deple¬ 
tion  allowed  an  analysis  of  graft-derive^  (TH-positive)  fiber. 

We  did  not  perform  a  post-transplantatioii  .behavioral  study  in 
order  to  complete  a  histological  ani^lysis  as  fely  as  five  weeks 
post-transplantation.  1:  % 

All  animal  experiments  we^>^cfifeed  outih  accordance  to  the 
National  Institute  of  Health,  tjSA;  iJai^ard  Medical  School  and 
McLean  Hospital  guidelines  and  all  efforts  were  made  to  mini¬ 
mize  the  number  of  animals  used  their  suffering. 

Transplantation  of  VMxells 

The  VM  ^Eljl^fetulls  fix)m  matings  of  hubcl-2  transgenic 
males  (line  7lTtol¥.  Chen,  Schepen  Eye  Research  Institute,  HMS, 
Boston,..MA)-^-^  pt  wild-type  C57BL/6J  males  with  C57BL/6J 
fen^fes,  w^re  dissected.  Mice  genotypes  were  determined  using 
th6 ^polymefcse  chain  reaction  method  previously  described.’*-^ 

^^/The  8|s3ec|ld  pieces  from  each  litter  were  pooled,  incubated  in 
f  0.1%  %psin  for  20  min,  washed  with  Ca/Mg  free  Hank’s 
%;:^bHanced  salt  solution  containing  0.1%  DNAse  and  triturated  in 
^ll^::?ilame  solution  through  a  series  of  fire  polished  pipettes  of 
...  diminishing  diameters  until  a  milky  suspension  with  scattered 
cell  clumps  was  achieved.  Cell  counts  were  carried  out  using 
acridine  orange/ethidium  bromide  labeling  to  determine  cell 
concentration.  The  suspension  was  diluted  to  a  concentration  of 
100,000  cells/p.1. 

Two  p.1  of  the  cell  suspension  was  injected  into  the  host  dener-  ^  -4)^  ^ 
vated  striatum  using  a  10  p.1  Hamilton  syringe  and  q(2>BeveIeT^  ^ 
needle  (inner  diameter  0.26  mm  and  outer  diameter  0.4Smm)  at  a 
rate  of  0.5  pl/min  followed  by  a  2  min  pause  before  retracting  the 
needle  (coordinates  relative  to  bregma:  AP:  -I- 1.0,  L:  —2.5, 

V:  —  4.0  to  -5.0,  incisor  bar:  -3.3).  One  group  (n  =  5)  received 
cells  from  wild-type  mice  and  the  other  group  (rt  =  5)  was 
implanted  with  cells  from  fetuses  of  bcl-2  transgenic  matings. 

One  day  prior  to  transplantation  procedure,  animals  were  given 
20  mg/kg  of  the  immunosuppressant  cyclosporin  A  (Sandimmune, 
diluted  in  olive  oil,  sc;  Sandoz,  East  Hanover,  NJ).  This  treatment 
continued  at  a  lower  dose  (10  mg/kg/day,  s.c.)  until  the  animals 
were  killed.  SacW  • 

Histological  fixation  and  immunostaining  of  brain  sections 

Five  weeks  post-transplantation,  animals  were  deeply  anesthe¬ 
tized  with  sodium  pentobarbital  (100  mg/kg,  i.p.)  and  perfused 
intracardially  with  100  ml  heparinized  saline  followed  by  200  ml 
4%  paraformaldehyde  in  0.1  M  PBS,  pH  '-'7.4.  The  brains  were 
postfixed  for  6-8  h  in  the  same  fixative  before  being  transferred 
to  20%  sucrose  in  0.1  M  PBS  for  cryoprotection.  Following  equi¬ 
libration,  a  series  of  40-p.m  coronal  sections  were  cut  on  a  freez¬ 
ing  microtome  and  collected  in  PBS. 

Brain  sections  were  immunostained  with  antibodies  to  TH 
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(Pel-Freez,  AK;  1:500  and  hubcl-2  (Santa  Cruz,  CA;  1:100).  All 
immunohistochemistry  was  performed  on  free-floating  sections, 
using  a  standard  avidin-biotin  technique.  The  sections  were  incu¬ 
bated  in  a  0.3%  hydrogen  peroxide  solution  containing  50% 
methanol  in  PBS  (pH  7.4)  for  20  min  to  eliminate  endogenous 
peroxidase.  After  rinsing  three  times  in  PBS,  the  tissue  was  incu¬ 
bated  in  a  PBS  solution  containing  1%  bovine  serum  albumin,  1% 
NGS,  and  0.1%  Triton  X-100.  The  following  day,  sections  were 
rinsed  in  PBS,  then  put  through  two  washes  of  5%  NGS  (10  min 
each)  before  incubation  in  secondary  antibody  solution  (biotinyl¬ 
ated  goat  anti-rabbit;  Vector  Laboratories,  Burlingame,  CA;  or 
biotinylated  goat  anti-mouse  Sigma;  both  diluted  1:200  with  2% 
NGS  in  PBS).  After  being  rinsed  in  PBS,  the  sections  were  incu¬ 
bated  in  avidin-biotin-peroxidase  complex  (Elite  ABC  kit, 
Vector  Labs)  for  90  min.  After  one  wash  in  PBS,  the  tissue  was 
transferred  to  Tris-buffered  saline  (TBS,  0.05M,  pH  7.8)  before 
being  developed  in  3,3*-diaminobenzidine  tetrahydrochloride 
dissolved  in  TBS,  with  0.03%  hydrogen  peroxide  added.  The 
sections  were  rinsed  in  TBS,  then  PBS  before  being  plated  on 
Superfrost  Plus  microscope  slides  (Fisher  Scientific,  Pittsburgh, 
PA),  dehydrated  through  a  series  of  graded  ethanols  and  xylenes, 
followed  by  coverslipping  with  Permount  (Fisher  Scientific). 


were  not  predicted  in  advance,  tests  of  significance  of  interactions 
were  adjusted  using  a  multiple  comparison  adjustment  method. 

Using  a  method  of  fiber  counting  (Fig.  I),  prior  to  statistical 
regression  modeling,  we  examined  the  distributions  of  the 
outcomes  data  (fibers  and  distances)  for  possible  disturbances 
from  normality.  For  both  fiber  count  outcomes,  we  logarithmi¬ 
cally  transformed  the  data  to  reduce  positive  skewness  and 
achieve  more  normal-like  distributions  tractable  for  analysis. 
For  the  distance  data  at  concentric  circles,  the  distance  distribu¬ 
tions  appeared  to  approximate  normality  so  that  a  normalizing 
transformation  was  not  necessary. 

The  data  management  and  statistical  analysis  work  was  carried 
out  using  two  software  packages;  IMP  (version  3.1.6;  SAS  Insti¬ 
tute,  Cary,  NC);  and  Stata©  (version  6;  Stata  Corporation, 
College  Station,  TX).  Differences  between  groups  were  con¬ 
sidered  statistically  significant  at  an  alpha  level  of  P  <  0.05. 

RESULTS 

Expression  of  human  bcl-2  in  fetal  VM  dopaminergic 
neurons  in  vivo  and  in  vitro 


Determination  of  cell  survival  and  outgrowth  from  grafted  DA 
neurons 

Surviving  TH  cells  were  counted  over  the  extent  of  the  grafts 
with  Abercrombie  corrections. Since  all  grafts  in  the  adult 
brain  survived  as  a  single  placement  in  isolated  aggregates  and 
were  located  in  different  striatal  regions  due  to  surgical  variation, 
we  established  a  semi-quantitative  measure  of  fiber  outgrowth  for 
such  grafts.  For  each  rat,  sections  from  AP  +1.6  to  AP  -1.4, 
where  the  center  of  the  grafts  was  observable  were  digitally 
captured  at  low  power  magnification  on  a  Zeiss  Axioplan  micro¬ 
scope  and  imported  into  Adobe  Photoshop  5.0  software.  The  graft 
was  outlined  and  concentric  circles  (Fig.  1;  LI,  L2,  L3)  at  fixed 
distances  were  drawn  from  the  center  of  the  graft  going  to  the 
periphery  (Fig.  1)  and  the  number  of  TH  positive  cells  were 
counted.  We  also  measured  the  distance  from  the  edge  of  the 
grafts  to  the  circles  to  control  for  variance  in  graft  size.  Given 
that  some  grafts  were  smaller  than  others  and  that  the  average  TH 
positive  neurons  in  these  grafts  had  to  grow  longer  distances  to 
reach  each  concentric  circle,  axonal  growth  distances  were  calcu-  . 
lated  from  a  point  set  between  the  middle  of  the  graft  and  the  edgef 
of  the  graft.  As  shown  in  Fig.  1 ,  the  counting  grid  was  divided  iffto 
eight  sectors.  The  number  of  fibers  in  each  sector  crossing  the 
concentric  circles  was  counted.  The  distances  from  the  center  of? 
the  graft  to  the  edge  of  the  graft  (graft  area),  and  to  L  U  L^and  L3i 
were  measured.  All  measurements  were  done  using  an  tmage"^ 
analysis  system  based  in  Image  1.41  (NIH,  BethAda^^MD). 


Statistical  analysis  +  ' 

The  primary  hypotheses  examined  iii%is%udy  were  that  cell 
survival  would  not  differ  betweetgthe  ,Jfei!upP(bcl-2  vs.  wild- 
type),  and  that  bcl-2  group  would  ndjAceel  "the  control  (wild- 
type)  in  branching  and  in  axbnal  ofitgrowth  distances  of  TH 
fibers. 

We  used  a  single  factoranalysis  of  variance  (ANOVA)  method 
to  compare  TH-posi^ve  neufomssurvival  between  groups.  We 
used  a  two-factor  model  t&  assess  between  group  (bcl-2  vs, 
wild-type)  diffei^cB^.  in  fiber  count  and  axonal  outgrowth 
distances,  vyith  the  .second  (blocking)  factor  being  concentric 
circles  (witfi  levels 3;  see  Fig.  1).  This  required  a  repeated 
measure  analytic  method  because  each  experimental  animal 
contributed  data  at  each  of  the  three  concentric  circles.  For  this 
purpose^  we  used  panel-data-based  random  effects  regression 
modelings  methods,  with  adjustment  for  clustering  within 
experimental  animals.  This  modeling  method  permits  adjustment 
for  clustering  within  subjects.  We  checked  the  best  fit  of  this 
modeling  using  added  variable  and  partial  residual  plotting 
methods.  We  checked  for  interactions  between  the  groups  and 
concentric  circles  factors,  and  included  an  interaction  factor  in  the 
modeling  analyses  where  indicated.  Because  interaction  effects 


To  confirm  the  hubcl-2  expression  in  the  adult  sub¬ 
stantia  nigra  (SN)  of  the  transgenic  inice,  we  stained 
the  post-mortem  tissue  of  2-month-oIdgenotyped  hetero¬ 
zygous  mice.  The  hubcl-2  was  Highly  expressed  in 
neurons  of  the  substantia  nigia  comf^cta  (SNc)  and  the 
ventral  tegmental  area  (YTA)  (Pig.  2a5  while  lower  levels 
and  more  variable  neuitinal  expression  were  observed  in 
other  brain  regions  .(dafa>not  shown).  To  address  expres¬ 
sion  and  surviyal^of  VM,  we  performed  in 

vitro  studies.  Siat  in  EI4  hubcl-2  cultured  VM 

neurons,  approximately  50%  of  the  neurons  co-expressed 
TH  and  hubcl-2  (Fig.  2b).  This  proportion  of  co-expression 
was  expected  $mce  the  cultures  were  prepared  from 
tissfie  dissected  and  pooled  from  crossing  of  bcl-2  trans- 
jglific  mafes  with  wild-type  females,  which  according  to 
Mehdeliaii  genetics  would  result  in  50%  transgenic  and 
/50%  wild-type  embryos. 

^^ive  weeks  following  transplantation  of  dissociated 
embryonic  El 4  VM  into  the  adult  rat  brain,  the  ratio  of 
^  hubcI-2  and  non  hubcl-2  expressing  neurons  remained  at 
50%  (Fig.  2c),  indicating  that  overexpression  of  hubcl-2 
does  not  increase  the  survival  of  these  neurons.  Gener¬ 
ally,  the  surviving  grafts  were  small  in  both  transplanted 
groups  (0.5-L0mm^)  but  all  contained  high  proportion 
of  TH-positive  neurons  (Figs  1  and  2d).  The  implanted 
neurons  innervated  the  completely  denervated  host  stria¬ 
tum  and  axons  could  be  followed  from  the  center  of  the 
graft  aggregate  into  the  striatal  neuropil. 

Fiber  outgrowth  from  wild  type  and  hubcl’2  overexpressing 
dopaminergic  neurons  grafted  to  adult  striatum 

When  the  total  number  of  TH-positive  neurons  within 
the  hubcl-2  grafts  was  compared  with  wild-type  controls, 
no  significant  difference  was  detected  (P  >  0.05;  data  not 
shown).  To  determine  the  extent  of  axonal  outgrowth 
from  the  grafted  neurons,  we  performed  image  analysis 
and  semi-quantitative  measurements  of  TH-positive  fiber 
outgrowth  from  the  center  of  the  graft  (Fig.  1;  see 
Experiemental  Procedures  for  details).  The  number  of 
TH-positive  fibers  crossing  three  circles  at  set  distances 
from  the  center  of  the  graft  was  counted  and  compared 
between  grafts  containing  hubcl-2  overexpressing  neurons 
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for  measuring  approximate  size  and  fiber  outgrowth  from  the  graft.  Concentric  circles  (I 


Fig.  1.  The  method  used  for  measuring  approximate  size  and  fiber  outgrowth  from  the  graft.  Concentric  circles  (LI,  L2,  L3)  were 
drawn  from  the  center  of  the  graft  and.divided  into  eight  sectors.  The  graft  was  outlined  and  the  edge  of  the  graft  in  the  section  was 
determined.  The  number  of  TH  positive  neurons,  in  the  section  through  the  graft  were  counted,  the  distance  from  the  center  to  the 
edge  of  the  graft  was  measured.,S.egmen.ts  were  selected  depending  on  graft  size  and  shape,  and  the  number  of  TH  positive  fibers 
crossing  LI,  L2,  L3  in  the  sel^eted  segments;  was  noted.  The  distance  from  LI ,  L2  and  L3  was  constant  from  the  center  of  the  graft  in 

each  case.  Scale  bar  =  1(X)  fim 


or  grafts  with  only  wiid-type  neurons  (Fig.  3a).  To 
control  for  graft  shape  and  size,  the  distance  of  the  graft’s 
edge  in  a  counted  sector  was  determined.  A  tendency  for 
smaller  grafts  was  seen  in  hubcl-2  compared  to  wild-type 
grafts.  This  difference  did  not  reach  significance 
(P  >  0.05).  The  total  number  of  TH-positive  fibers  cross¬ 
ing  the  innermost  circle  (LI)  was  not  different  between 
hubclr^  and  control  grafts  (Table  1  and  Fig.  3a).  Similar 
results  Were  obtained  from  TH  fibers  counts  of  crossings 
at  the  middle  circle  (L2;  Table  1  and  Fig.  3a),  but  there 
was  a  significant  increase  in  the  number  of  fibers  from 
hubcl-2  grafts  crossing  the  outermost  circle  (L3) 
compared  to  control  grafts.  The  differences  in  fiber 
counts  at  L3  vs.  L1/L2  is  shown  in  Fig.  3a,  in  which 


this  statistical  interaction  effect  is  very  prominent.  At 
LI,  the  hubcl-2  and  wild-type  fiber  numbers,  on  average, 
are  equal.  At  L2,  due  to  increased  fibers  for  hubcl-2  but 
decreased  number  of  wild- type  fibers,  there  are  on  aver¬ 
age  more  hubcl-2  fibers  than  wild-type  fibers,  but  not  to 
any  significance.  At  circle  L3,  the  hubcl-2  vs.  wild-type 
fiber  count  difference  is  pronounced.  This  interaction 
effect  is  strongly  statistically  significant  by  random 
effects  regression  modeling  (z  =  3.17,  P  =  0.002).  After 
adjustment  for  multiple  comparisons  (because  three 
group  X  concentric  circle  interaction  effects  were  exam¬ 
ined  post  hoc),  the  hubcl-2  versus  wild-type  fiber  count  at 
L3  finding  remained  statistically  significant  (P  =  0.006). 

The  hubcl-2  axonal  outgrowth  extended  for  longer 
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Fig.  2.  Low  power  photomicrographs  of  hubci#;stainiflg  of  the  adult  transgenic  mouse  midbrain  area  illustrating  high  expression  of 
hubcl-2  in  neuron  of  the  SN  and  WA  iCa).  (b)  Double  staining  (immunohistochemistry)  for  TH  and  hubcI-2  of  EI4  VM  cell  culture 
depicting  TH  neuronal  expression  (gtey  ceils);anci  TH/hubcl-2  double  labeled  neurons  (cells  of  red  appearance).  Appearance  of  a 
typical  xenograft  of  E14  VM  celLsuspension  from  hubcl-2  transgenic  mice  transplanted  into  the  adult  rat  brain  (c-d).  Hublc-2 
positive  (c)  and  TH  positive  (d)  neurons  can  easily  be  identified  in  the  grafts  of  adjacent  sections.  Scale  bars  =  200  p.m  (a);  25  fim 

(b);  50  urn  (c.  d). 


distances  than  the  wild- type;  The  mean  outgrowth 
distance,  measur^  from  jH'e  center  of  the  graft  (Fig.  1) 
for  hubcl-2  vSi  wild-type  grafts  at  the  three  concentric 
circles,  LI,  L2,  X3  (shown  graphically  in  Fig.  3b). 
Longer  |ixbnal  growth  mean  distances  from  the  center 
were  seeW'for  :l)ubcl-2  compared  to  wild-type  grafts  at 
each"^ircle,"^^itliThe  magnitude  of  these  mean  differences 
being  &out|:wo  standard  errors,  on  average.  The  random 
effects  regression  modeling  indicated  the  hubcl-2  vs. 
wild-type  effect  to  be  highly  statistically  significant 
(z  =  2.63,  0.009).  At  each  concentric  circle,  hubcl-2 

axonal  outgrowth  distances,  on  average,  substantially 
exceed  wild-type  distances  (Fig.  3b). 


DISCUSSION 

In  this  study,  we  grafted  VM  neurons  from  mice  over¬ 
expressing  hubcl-2^^’^^  into  the  striatum  of  immuno- 
suppressed  6-OHDA  lesioned  rats.  TH-positive  cell 
survival  was  not  significantly  different  between  hubcl-2 
grafts  and  controls,  supporting  previous  observations. 

In  contrast,  hubcl-2  appeared  to  influence  the  neurons’ 
capacity  to  successfully  extend  axons  into  the  adult  stria¬ 
tum.  Our  measurements  show  that  dopamine  axons  from 
hubcl-2  expressing  neurons  grew  for  significantly  longer 
distances  into  the  neuropil  compared  to  wild-type  control 
grafts. 


Aid 
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Table  1.  Summary  of  measurements  for  dopamine  fiber  outgrowth 


Groups 


Bcl2  +/- 
1 
2 


VVildtype 


#  of  TH  cells 
In  graft 
section 


Edge  of 
graft  from 
center  of 
raft  film) 


Distance  of 
LI  from 
edge  (pm) 


Distanceof  p^amberof 
.L2  from  edge 


Distance  of  fNtiniber  of 
L3  from  I 
edge(fim)  ||:ps|jU^Li 


436.97 

417,88 

451.09 

42030 

450.60 

435.37 

7.)  2  fa®I4i44-f-> 


Enhanced  axonal  growth  in  hubcl-2  expressing  mesence¬ 
phalic  grafts 

The  grafts  of  fetal  DA  neurons  always  aggregate  in 
SN-like  small  structures  in  the  adult  host.  Since  the 
range  of  placements  is  always  variable  (1-2  mm  AP/ 

LM)  the  most  appropriate  method  for  axonal  counts  is 
concentric  to  the  actual  graft.^’^^’^^  Since  all  rats  were 
fully  lesioned  and  grafts  outlined  by  hubcl-2  and  TH 
immunostained  cell  body,  the  radial  TH  fiber  extent  of 
neurites  (from  the  graft  center)  allowed  for  fiber  counts 
between  groups  of  animals.*^  The  immunohistochemical 
detection  of  hubcl-2  was  restricted  to  cell  bodies  of  ^ 
grafted  neurons,  preventing  tracing  of  individual  axons  #  ^ 
from  hubcl-2  expressing  neurons.  The  rat  hosts  were " 
selected  for  transplantation  on  the  basis  of  drug-inducefi 
measures  for  complete  denervation,  which  wa^rbon- 
firmed  by  the  behavioral  tests  and  post  analysis,  ; 

using  loss  of  TH  SN  neurons  as  a  criterion., 
although  an  alternative  interpretation  foe  graft- 
derived  increase  of  TH  positive  fibers  frOfhlhuBcl-2^f rafts 
could  be  a  regeneration  of  rat  host  THjpositIve  fibers,  this 
is  highly  unlikely.  Moreover,  the  typical  concentric 
outgrowth  of  DA  fiber  from  tfie  transplahts  characteris¬ 
tically  formed  a  halo  on  the.backgfound  of  a  denervated 
host  striatum,  and  no  fibers  wej:e\een  in  the  interface 
between  grafts  derived;  DA  Jfibers  and  denervated 
host  striatum.  Ouyr  obsefvatipfis  of  increased  axonal 
growth  by  transplanted  ^ubcl2  dopamine  neurons  is 
also  consistent  \itifijheJb|  work  Schierle  et  al}^  where 
grafts  of  hubpb2^  oyerexpressing  fetal  VM  grafts  were 
placed  int^^tlt^^deriervated  rat  striatum,  and  densitometry 
measuremet^ts 'Hndicated  increased  volume  of  TH- 
inner^ltion  ^mpared  to  wild-type  control  grafts. 

Ability  of  embryonic  neurons  to  extend  axons  in  the  adult 
brain 

Normal  axonal  growth  appears  to  proceed  by  growth 
cone  extension  and  collapse.  Concentration  gradients 


of  attractive  and  inhibitory  molecules  can  provide  axonal 
orientation  by  inducing  asymm%ic  growth  cone  collapse 
and  extension.  In  sfudieS^.  of  axonal  growth  from 
transplanted  fetal  neurons,  neW  axons  can  grow  exten¬ 
sively  in  neonatal,  but  le&^o  in  adult  host  brain. It  is 
reasonable  to  assfmq  thit  the  adult  CNS  environment  has 
less  stimulatdfy^trbphic  molecules  and  more  frequent 
growth  con©:  collSpse^thereby  increasing  the  time  needed 
for  the  axon  tq^feach  its  target.^  Typically,  CNS  neuro- 
naLpffihgtypes^|)ersist  in  a  growing  state  for  a  limited 
tin^.  In  f%al  allotransplantation  to  the  adult  host  brain, 
^#axoBal  ejibnsion  is  usually  limited  to  adjacent  axonal 
;  ^|et"^ibnes.^^  Xenotransplantation  experiments  using 
^"donpf  species  with  slower  embryonic  development  than 
tifc' Vat  host,  e.g.  pig^"^  or  human'^  indicate  that  a  longer 
cell  autonomous  “time  window”  for  axonal  extension 
provides  an  opportunity  for  axons  to  reach  long  distance 
targets.  An  alternative  explanation  is  that  axons  from  the 
xenotransplants  could  be  less  responsive  to  growth  inhi¬ 
bitory  molecules  expressed  in  the  host  brain.  However, 
some  observations  indicate  that  growth  from  fetal  xeno¬ 
transplants  in  the  adult  is  as  impeded  as  allotrans- 
plants.^^’^"^  Moreover,  mouse  xenogeneic  fetal  tissue 
placed  in  rat  striatum  does  not  show  the  increase  in 
axonal  growth  relative  to  rat  donor  tissue,  while  xeno- 
transplanted  human  tissue  does.^^’^"^  Thus  the  long 
distance  axonal  growth  from  fetal  pig  or  human  neurons 
could  be  the  result  of  an  extended  genetically  controlled 
time  period  of  active  growth  as  well  as  a  delay  until 
inhibitory  receptors  are  expressed.  Given  that 
PNS  neurons  and  some  CNS  neuronal  phenotypes^^’^^ 
retain  regenerative  capacity  in  adulthood,  there  are 
many  molecules  (including  bcl-2)  and  intrinsic  processes 
that  would  allow  for  such  continued  axonal  growth. 


Stimulation  of  dopaminergic  axonal  growth  from  fetal 
neuronal  transplants 

High  levels  of  growth  factors  are  present  in  the  brain 
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Fig.  3.  (a)  Statistical  analysis  (using  random  effects  ^fression  modeling)  of  the  number  of  TH  positive  fibers  crossing  at  LI,  L2  and 
L3  (concentric  circles).  The  group  differences  in  thfc  numbe%)f  TH  positive  fibers  crossings  L3  are  highly  statistically  significant 
(2=  3.17;  P  =  0.002;  after  adjustment  for  multiple,  ho^^^bmparisons,  P= 0.006).  (b)  Statistical  analysis  (using  random  effects 
regression  modeling)  of  the  TO  positive  oiUgroMWistance  measurements  made  between  the  middle  of  the  graft  to  the  edge 
of  the  graft  (correction  for  graft  size  differe%^^|To  l^yel  LI,  L2  and  L3.  These  observations  are  statistically  significant  between 

^robps  at€'very  level  (Z  =  2.63;  P  =  0.009). 


during  development  and  correJ^E  ifi  time  and  location 
with  enhanced  growth  of  speciftp  gfoups  of  neurons.  For 
example,  nerve  growth  ||'^h||hly  expressed  in  the 
hippocampus  and  corte?|&urin|^evelopment^^  and  like¬ 
wise  glial-derived,;^jieS^tropliic  factor  (GDNF)  is 
expressed  in  the  d|velopi|jg-Stfiatum.'’®  There  are  several 
studies  showing  ifiprovcil ^fetal  graft-derived  innervation 
of  tissue  ^hen^'fch^fetaf  cells  are  exposed  to  growth 
factors,  ^f^blmidnd  colleagues  showed  more  exten¬ 
sive  inneryaddn  from  dopaminergic  cells  transplanted 
to  tfia  striafcm'^  after  pretreatment  of  the  fetal  tissue 
with  In  addition  to  improved  innervation  of 

nearby  target  tissue,  long  distance  growth  has  also  been 
achieved  using  growth  factors.  For  example,  Wang  et 
created  a  track  of  GDNF  along  which  axons  from 
grafted  dopaminergic  neurons  placed  in  the  SN  could 
grow  to  the  target  striatum.  Furthermore,  expression  of 


growth  factors  may  be  the  cause  of  more  extensive  or 
long  distance  axonal  outgrowth  from  grafted  neurons  in  a 
number  of  experiments  using  co-transplantation  of 
embryonic  tissue.  Transplantation  of  a  mixture  of  fetal 
VM  and  striatum  into  adult  6-OHDA  lesioned  striatum 
results  in  a  larger  area  of  dense  innervation  surrounding 
the  graft."^  When  transplanting  embryonic  VM  to  the 
lesioned  SN  and  creating  a  bridge  of  embryonic  cortical 
tissue  along  an  oblique  needle  track  from  the  SN  to  the 
striatum,  Dunnett  and  colleagues  showed  that  dopamin¬ 
ergic  fibers  from  the  graft  could  grow  along  the  bridge- 
graft  all  the  way  to  the  striatum.  Mendez  and  colleagues 
transplanted  fetal  VM  cells  simultaneously  to  the  SN  and 
the  striatum  of  adult  rats.  Surprisingly,  growth  of  dopa¬ 
minergic  axons  from  the  graft  in  the  SN  to  the  VM  graft 
in  the  striatum  was  observed,  using  retrograde  labeling 
with  fluorogold.  As  a  control,  fetal  cortical  neurons 
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transplanted  to  the  striatum  did  not  cause  the  homotopi- 
cally  placed  dopaminergic  neurons  to  grow  to  the  stria¬ 
tum.  A  possible  explanation  for  this  long  distance  axonal 
growth  could  be  the  release  of  appropriate  trophic  factors 
by  fetal  cells,  thereby  stimulating  long  distance  direc¬ 
tional  growth  of  axons,  since  axon-orienting  (tropic) 
factors  are  still  present  in  the  adult  CNS.^"^  Several  of 
these  trophic  manipulations  of  fetal  grafts  are  likely  to 
induce  axons  into  an  extended  growth  phase. 

These  results  support  the  notion  that  maintained  bcl-2 
expression  can  enhance  a  fetal  or  neonatal  axon’s  ability 
to  The  down-stream  effector  mole¬ 

cules  of  such  a  process  are  not  determined,  but  could 
involve  suppression  factors  involved  in  cell  differentia¬ 
tion,  such  as  p21.  Other  metabolic  intracellular  signals, 
such  as  cyclic  AMP,  guanylate  cyclase,  protein  kinase  A, 
growth-associated  proteins,  along  with  phosphorylated 
cytoskeletal  proteins  and  associated  growth-cone  cell 


machinery  all  dynamically  interact  to  achieve  the  axonal 
growth.  These  results  imply  that  transgenic 

modification  of  donor  neurons  used  for  transplantation 
may  accomplish  desirable  changes  relevant  to  thera¬ 
peutic  interventions  in  neurodegenerative  disorders 
such  as  Parkinson’s  disease. 
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We  have  undertaken  a  xenotransplantation  study  in  rodents  aimed  at  increasing  cell 
survival  of  intrastriatal  ventral  mesencephalic  (VM)  grafts  utilizing  1)  inhibitors  of 
cysteine-proteases,  2)  the  complement  membrane  attack  complex  (MAC)  and  3)  donor 
cells  derived  from  transgenic  pigs  expressing  human  CD59  (a  cell-surface  molecule  which 
blocks  formation  of  the  MAC).  The  experimental  paradigm  comprised  4  groups  of  10  naive 
rats.  The  groups  received  cell  suspensions  of  pig  E28  VM  treated  with  cither  a)  cysteine- 
protease  inhibitors,  b)  MAC  inhibitors,  c)  a  combination  of  both  or  d)  untreated  VM. 
Animals  also  received  systemic  cyclosporine  (CsA)  one  day  before  transplantation 
(30mg/kg)  and  then  daily  until  sacrifice  (15mg/kg).  Five  weeks  post-transplantation,  rats 
were  perfused  and  their  brains  processed  for  tyrosine  hydroxylase  (TH)  and  pig 
neurofilament  70  kd  protein  (NF70)  immunohistochemistry.  Transplant  cell  survival 
(counts  of  TH-positive  cells)  and  transplant  volume  (measures  of  NF70  graft  area)  were 
analyzed.  There  was  a  significant  difference  between  the  number  of  TH-positive  cells  in 
the  group  of  combined  inhibitors  of  cysteine-proteases/MAC  versus, the  control  group.  This 
group  also  had  grafts  of  significantly  larger  volumes  when  compared  to  controls.  In 
summary,  our  preliminary  observations  in  pig  to  rat  transplants  using  a  combination  of 
inhibitors  of  cyteine-proteases  and  the  MAC  suggest  better  VM  cell  survival. 
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1992-  Internal  Review  Committee  NIH  Program  Project  grants 

1993-  Special  Review  Committes;  National  Institutes  of  Health  (NINDS):  Program  Projects 


1994- 

1994- 

1994- 

1995- 
1995-1996 
1997-1998 

1997 

1998 


(Site- visit  teams)  and  Clinical  Research  Centers  (NIH)  (Ad  hoc  member) 

Neurological  Disorders  Program  Project  Review  B  Committee  (NINDS)  (Ad  hoc  member) 
Human  Frontier  Science  Program  (review  committee) 

Council,  American  Society  for  Neural  Transplantation 

Natural  Sciences  and  Engineering  Research  Council  of  Canada  (review  committee) 
Program  Committee,  American  Society  for  Neural  Transplantation  (Chair) 

President  Elect,  American  Society  for  Neural  Transplantation 

Advisory  Group  on  Parkinson’s,  presentation  to  Veterans’  Admin,  US  Congress  (Chair) 
The  Wellcome  Trust  (review  group) 
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MAJOR  COMMITTEE  ASSIGNMENTS:  (continued) 

Regional/National/International  (continued) 

1998-1999  President,  American  Society  for  Neural  Transplantation  and  Repair 

1998-  MDCN-2  Study  Section  (NIH),  member 

1998-  Council,  International  Cell  Transplant  Society 

1999-  Program  Committee,  International  Neural  Transplantation  and  Repair 

MAJOR  ADMINISTRATIVE  RESPONSIBILITIES: 


1989-1996 

Director 

Neuroregeneration  Laboratory,  Mailman  Research 
Center,  McLean  Hospital 

1996- 

Director 

Neuroregeneration  Laboratories  (a  full  hospital 
department  and  research  program).  Mailman 
Research  Center,  McLean  Hospital 

1996- 

Dept.  Head 

Mailman  Research  Center  (formerly 

Ralph  Lowell  Laboratories)  Research  Department 

1999- 

Center  Director 

NIH  Udall  Parkinson’s  Disease  Research  Center 

PROFESSIONAL  SOCIETY  INVOLVEMENT: 


1989- 

1989- 

1989- 

1989- 

1989- 

1989- 

1993- 

1994- 
1994- 

1994- 

1995- 
1995-96 

1995- 96 

1996- 

1997- 

1997 

1998 

1998- 

1999- 


International  Brain  Research  Organization  (IBRO)  (member) 

American  Association  for  the  Advancement  of  Science  (AAAS)  (member) 

Society  for  Neuroscience  (member) 

European  Neuroscience  Association  (ENA)  (member) 

Boston  Society  of  Neurology  and  Psychiatry  (member) 

World  Federation  of  Neurology  Research  Group  on  Huntington’s  Disease  (elected 
member) 

Huntington's  Disease  Society  of  America,  Massachusetts  Chapter 
American  Society  for  Neural  Transplantation  (ASNT)  (founding  member) 
American  Society  for  Neural  Transplantation  (Council  member) 

Program  Committee,  American  Society  for  Neural  Transplantation  (Co-Chairman) 
International  Society  of  Neuropathology  (member) 

American  Society  for  Neural  Transplantation  (Secretary) 

Program  Committee,  American  Society  for  Neural  Transplantation  (Chairman) 
New  York  Academy  of  Science  (member) 

American  Academy  of  Neurology  (member) 

American  Society  for  Neural  Transplantation  (President-elect) 

American  Society  for  Neural  Transplantation  and  Repair  (President) 

International  Society  for  Cell  Transplantation  (Council  member) 

American  Society  of  Transplantation  (elected  member) 


COMMUNITY  SERVICE  (related  to  professional  work): 

Professional  Consultation  tOther  than  Patient  Care) 


a)  Scientific  and  Technical  Consultation 

1995-1997  Scientific  advisor  at  clinical  trials  for  Parkinson’s  and  Huntington’s  disease  at 

HMS/Brigham  and  Women’s  Hospital,  Boston,  MA  and  Lahey  Clinic,  Burlington,  MA 

b)  Public  Presentations  as  an  Expert  in  Discipline 

1990  Huntington  Disease  Society  of  America,  basic  research  presentation  for  patients 

1994  Belmont  Rotary  Chapter,  science  presentation 

1994  American  Parkinson  Disease  Association,  Local  chapter  for  patients,  Presentation  on  basic 

research  towards  new  treatments  for  PD,  Boston 
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COMMUNITY  SERVICE  (related  to  professional  work):  (continued) 

Professional  Consultation  TOther  than  Patient  Care)  (continued) 


1995  National  Youth  Leadership  Forum,  presentation  to  high  school  students  interested  in 

pursuing  research  and  medical  studies,  Simmons  College,  Boston 

1995  Advisory  presentation  before  the  US  Senate  Special  Committee  on  Aging,  Capitol  Hill, 

Washington,  D.C. 

1995  Advisory  presentation  before  the  US  House  Commerce  Committee,  Health  and 
Environment  Subcommittee,  Capitol  Hill,  Washington,  D.C. 

1996  Presentation  on  current  PD  research  to  patient  group,  Boston,  MA 

1996  Research  Update,  Parkinson’s  Action  Network  Third  Annual  Public  Policy  Forum, 
Washington,  D.C. 

1997  Advisor  to  members  of  Labor,  Health  and  Education  Committee  on  the  progress  of  basic 
neuroscience  research,  Washington,  D.C. 

1999  Advisory  presentation  on  neurological  research  to  science  advisors  to  the  President  at  the 

White  House,  Washington,  D.C. 

Other  Professionally  Related  Service 

1996  National  Parkinson  Foundation  “On  the  Causes  and  Treatments  of  Parkinson’s  Disease” 

1997  ABC  “Turning  Point”,  Television  interview  on  Neural  Xenotransplantation 

1997  NPR  “Science  Friday”,  Radio  interview  on  Risks  and  Benefits  of  Xenotransplantation 

1998  CBS  “60  Minutes”,  Television  interview  on  xenotransplantation. 


EDITORIAL  BOARDS: 


Member  of  Editorial  Board 


1989-  Journal  of  Neural  Transplantation  and  Plasticity 

1 99 1  -  Cell  Transplantation 

1 997-  Restorative  Neurology  and  Neuroscience 

1997-  Experimental  Neurology 

1998-  inSight 


Guest  Editorships 

1995 

1996 
1999 

1999 

2000 


Cell  Transplantation,  ASNT  Special  Issue 
Cell  Transplantation,  ASNT  Special  Issue 
Brain  Pathology,  Special  Issue 
Experimental  Neurology,  Special  Issue 
Neuroscience  News,  Special  Issue 


Current  Editorial  Review  Assignments 

Science,  Nature,  Nature  Medicine,  Nature  Genetics,  Journal  of  Neuroscience,  Journal  of  Comparative  Neurology, 
Neuroscience,  Brain  Research,  Proceedings  of  the  National  Academy  of  Science  USA,  Journal  of  Neurochemistry 
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PART  II: 

REPORT  OF  RESEARCH: 

Major  Research  Interests: 

(1)  Methods  for  neuronal  repair,  regeneration  and  protection  using  animal  models  of  Parkinson's,  Huntington's 

and  Alzheimer's  diseases. 

(2)  The  pathophysiology  and  therapy  of  CNS  degeneration  in  Huntington’s,  Parkinson's,  and  Alzheimer’s 

diseases. 

Narrative  Description  of  Research: 

The  research  programs  focus  on  mechanisms  of  neuronal  degeneration  and  innovative  methods  for  cellular 
repair,  with  emphasis  on  the  neurodegenerative  disorders  like  Parkinson’s  (PD),  Alzheimer’s  (AD),  and 
Huntington’s  (HD).  This  work  has  already  led  to  applications  of  cell  therapy  for  PD  and  HD.  This  laboratory  is 
involved  in  several  pharmacological,  gene,  molecular  and  cellular  studies  to  obtain  neuroprotection  or  cell  and  gene 
delivery  in  the  CNS. 

1.  Neural  Transplantation: 

The  understanding  of  regeneration  and  plasticity  of  the  mammalian  nervous  system  has  developed  over  the  last 
decade.  We  have  participated  in  research  that  shows  that  the  brain  is  a  regenerative  system  which  can  integrate 
implanted  primary  neurons,  progenitor  or  stem  cells  into  the  adult  brain.  These  implanted  neurons  grow 
physiologically  and  functionally  to  repair  previously  damaged  or  degenerated  neuronal  pathways.  The  specific 
experiments  performed  in  this  laboratory  have  significantly  influenced  neural  transplantation  in  clinical  trials  using 
porcine  and  human  cells  for  Parkinson’s  and  Huntington’s  disease.  Encouraging  results  suggest  that  cell  therapy 
may  become,  when  fully  developed,  a  useful  treatment  for  neurodegenerative  disease.  At  the  very  fundamental 
level,  this  laboratory  also  investigates  the  specific  axon  guidance  factors  that  persist  in  the  adult  brain.  In  animal 
models,  by  transplanting  neuroblasts  into  various  locations  in  the  brain,  we  are  determining  if  reconnection  and 
tropic  interactions  are  possible.  The  goal  of  this  work  is  a  better  understanding  of  the  structural  and  functional 
plasticity  of  the  central  nervous  system  that  can  lead  to  improved  therapies  for  neurological  disease. 

2.  Neuroprotection: 

Starting  in  1989,  this  laboratory  has  investigated  a  number  of  paradigms  in  which  neurotrophic  factors  can 
prevent  degenerative  events.  Based  on  the  theory  that  the  neuron  at  any  given  moment  is  in  a  defined  state  of 
vulnerability  (dependent  on  genetic  and  phenotypic  characteristics),  we  have  devised  methods  to  improve  the 
resilience  of  neurons  affected  in  Huntington’s,  Parkinson’s  and  Alzheimer’s  diseases.  We  are  currently 
investigating  several  novel  molecular  (e.g.  neurophilins)  treatments  for  Parkinson’s  disease  and  Alzheimer’s  disease 
models.  In  addition,  we  are  performing  basic  research  on  molecular  modifications  of  striatal  neurons  to  enhance 
their  capacity  to  withstand  insults  or  modify  their  genetically  induced  vulnerability  in  Huntington’s  disease. 

3.  Gene  Delivery  and  Gene  Therapy: 

Since  1989,  this  laboratory  has  developed  a  number  of  model  systems  for  gene  delivery,  ranging  from  delivery  in 
the  peripheral  nervous  system  to  specific  delivery  in  anatomical  systems  involved  in  Parkinson’s  and  Huntington’s 
disease.  We  have  used  modified  and  transfected  ceil  lines  to  establish  new  paradigms  for  neuroprotection  and 
recently  have  made  inroads  into  efficient,  selective  and  stable  delivery  and  expression  of  genes  by  modified  viral 
vectors  into  the  CNS. 

(Please  refer  to  Bibliography  to  see  the  development  and  progress  of  these  research  paths.) 
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Specific  Research  Funding  Information: 

1989- 90  NATO  Grant#  CRG  890583,  (PI)  “Neural  transplantation  in  primate  models  of 

neurodegenerative  disease”. 

1990- 91  NIH  Program  Project  Award:  Huntington’s  Disease  Center,  (PI  of  sub-contract)  MGH  and 

McLean  Hospital. 

1991- 96  NIH:  Neurological  Science.  Research  Grant  NS29178,  (PI),  “Excitotoxic  Cortex  Lesions- 

Degeneration  and  Remodeling” 

1992- 93  Biotechnology  sponsored  research  program,  (PI)  “Cell  Based  Therapy” 

1992- 95  NIH:  Neurological  Science.  Research  Grant  #  ROl  NS30064,  “Neuronal  Replacement  in  a 

Model  of  Huntington’s  Disease 

1993- 94  Biotechnology  sponsored  research  program,  (PI)  “Cell  Based  Therapy” 

1994-  NIH:  MH19905  (Benes,  PI)  “Clinical  Neuroscience  Training  Program  Grant” 

1994- 95  Biotechnology  sponsored  research  program,  (PI)  “Immunological  masking  techniques  in 

intracerebral  fetal  nerve  cell  transplantation” 

1995  Milton  Fund,  Harvard  University,  (PI)  “Novel  neurotrophic  molecules  for  neuroprotection 

in  Parkinson’s  disease” 

1995- 96  Wills  Foundation,  (Sponsor  (01),  Haque,  fellowship), 

1995-96  Biotechnology  sponsored  research  program,  (PI)  “New  Immunological  Methods  in 

Intracerebral  Fetal  Nerve  Cell  Transplantation” 

1995- 98  NIH:  Neurological  Science.  Research  Grant  #  ROl  NS30064,  Competing  Renewal,  (PI) 

“Neuronal  Replacement  in  a  Model  of  Huntington’s  Disease” 

1996-  NIH:  5-T32-AG00222  (Yankner,  PI)  “Molecular  Biology  of  Neurodegeneration  Training 


Grant” 

1996-97  National  Parkinson  Foundation,  (Sponsor  (01),  Costantini,  fellowship)  “Ex  vivo  and  in 

vivo  gene  transfer  of  CuZn  SOD-1:  protection  from  oxidative  stress  and 
neurodegeneration” 

1996-97  Biotechnology  sponsored  research  program,  (PI)  “Cholinergic  neuronal  replacement  in 

animal  models” 

1996-  Pharmaceutical  industry  sponsored  research  program,  (PI)  “Documentation  of 
neuroprotective  and  therapeutic  effects  of  compounds  against  MPTP/MPP+  induced 
neurotoxicity  in  mice  and  rat  paradigms  of  Parkinson’s  disease” 

1997-  Biotechnology  sponsored  research  program,  (PI)  “Functional  pharmacological  and 
therapeutic  models  relevant  to  neuroprotection  or  amyloid  formation” 

1997-  Biotechnology  sponsored  research  program,  (PI)  “Identification  of  the  human  immune 
response  to  porcine  fetal  mesencephalic  cells” 

1997_99  Clinical  Neuroscience  Training  Program,  (Sponsor  (01),  Costantini,  fellowship)  “Ex  vivo 

and  in  vivo  gene  transfer  of  CuZn  SOD-1:  protection  from  oxidative  stress  and 
neurodegeneration” 

1998-  Federal,  USAMRAA,  DAMD 17-98- 1-86 18,  (PI)  “Structural  and  functional  brain  repair 
studies  of  PD  models  by  novel  neurosurgical,  PET  and  MRI/MRS  methods” 

1999-  Federal,  USAMRAA,  DAMD  17-99- 1-9482,  New  (PI)  “Knock-out  and  transgenic 
strategies  to  improve  neural  transplantation  therapy  for  Parkinson’s  disease” 

1999-  Century  Foundation,  Sarasota  Memorial  Hospital,  sponsored  research  program  (PI) 

“Electrophysiology  of  PD” 

1999-  Federal:  NINDS/NIH  P50  NS39793,  Parkinson’s  disease  Research  Center  of  Excellence 

(Center  Director  and  PI)  “Novel  Therapeutic  Approaches  to  Parkinson’s  disease” 

1999-  NIH:  Neurological  Science.  Research  Grant  #  ROl  NS30064,  Competing  Renewal,  (PI) 
“Transgenic  Xenotransplants  for  Huntington’s  Disease” 

2000-  NIH  Neurological  Science.  Research  Grant  #  ROl  NS41263-01,  “Novel  Anti¬ 
inflammatory  Therapies  for  Neurotoxically  Induced  PD” 

2001-  Federal,  USAMRAA,  (PI)  “Gene  Regulation  and  Stem  Cell  Transplantation  Therapies” 

2001-  Kinetics  Foundation,  “Stem  Cell  Derived  Dopaminergic  Cells  and  DA  Gene  Regulation” 


7 


Dr,  Ole  Isacson 


REPORT  OF  TEACHING: 

Local  Contributions: 

Graduate  Medical  Courses/Seminars/Invited  Teaching  Presentations: 

1988  Boston,  Dept,  of  Neurology,  Harvard  Medical  School,  Massachusetts  General  Hospital 

"Neuronal  transplantation  and  strategies  for  CNS  regeneration"  (seminar) 

1990-  Faculty,  Program  of  Neuroscience,  Harvard  Medical  School. 

Faculty,  Neurobiology  of  Behavior  course/program,  McLean  Hospital,  Harvard  Medical 
School 

1990  Boston,  MA  “Excitotoxic  lesions  of  the  cerebral  cortex  model  degeneration  and  plasticity 

seen  in  neurodegenerative  diseases”  (lecture) 

1990  Cold  Spring  Harbor,  N.Y.,  “The  use  of  genetically  engineered  cells  as  donor  tissue  in 

models  of  intracerebral  transplantation”  (lecture) 

1990  Woods  Hole  Marine  Biology  Laboratory,  RUNN  course  lecture:  “Studies  of  neuronal  cell 

death  and  regeneration  in  transplantation  models"  (faculty) 

1992  Course  organizer:  HMS  Program  of  Neuroscience  Course;  "Paradigms  to  investigate 

neuronal  health:  what  happens  to  neurons  in  neurodegenerative  diseases" 

1992  Faculty,  Lecturer,  Dept,  of  Neurology,  HMS,  MGH  course:  "Intensive  Clinical  and  Basic 
Neuroscience  Update" 

1993  Neurobiology  209,  Harvard  Medical  School  (lecture) 

1994  Massachusetts  General  Hospital,  Scientific  Integrity  Course  (faculty) 

1995  McLean  Hospital,  Clinical  Neuroscience  Training  Program,“Neural  transplantation:  site- 
specific  CNS  delivery  of  neuroprotectants  and  neurotransmitters”  (lecture) 

1996  Gene  Therapy:  Principles  and  Practice  (Genetics  208),  Harvard  Medical  School 
“Strategies  of  gene  therapy  for  dominant  and  recessive  genetic,  as  well  as  non-hereditary, 
diseases”  (lecture) 

1996  Neurobiology  of  Disease  Course,  Harvard  Medical  School 

1997  McLean  Hospital,  Clinical  Neuroscience  Training  Program,  “Neural  transplantation:  site- 
specific  CNS  delivery  of  neuroprotectants  and  neurotransmitters”  (lecture) 

1997  Boston,  Brigham  and  Women’s  Hospital,  “Hosting  foreign  cells  in  the  brain:  will 

xenogeneic  neurons  serve  as  treatments  for  Parkinson’s  and  Huntington’s  disease?” 
(lecture) 

1997  Gene  Therapy  Group,  Harvard  Medical  School  “Gene  Therapy  for  Huntington’s  Disease” 

(lecture) 

1997  Boston,  Harvard-Mahoney  Neuroscience  Institute  Forum,  “Neural  Transplantation  in 
Parkinson’s  and  Huntington’s  Disease” 

1998  Boston,  MGH,  Current  Approaches  to  Understanding  Neurodegenerative  Disease 
Symposium,  “Neural  transplantation  therapy  for  neurodegenerative  disease”,  (lecture) 

1999  Southborough,  MA,  Harvard  Primate  Research  Center,  “How  neural  transplantation  can 
work  in  patients  with  neurodegenerative  disease”  (lecture) 

1999  Boston,  Partners  Neurology  Residency,  Basic  Neuroscience  Course,  “Neuronal  Death, 

Regeneration  and  Transplantation”  (lecture) 

1999  McLean  Hospital,  Clinical  Neuroscience  Training  Program,  “Neural  transplantation:  site- 
specific  CNS  delivery  of  neuroprotectants  and  neurotransmitters”  (lecture) 

2000  Cambridge,  MIT,  Modulation  of  APP  and  memory  by  the  cholinergic  system  (lecture) 

2000  Boston,  HMS,  Harvard  Medicine  at  the  Millenium,  “Parkinson’s  and  Other 
Neurodegenerative  Diseases:  Bench  to  Bedside”  (lecture  and  moderator) 

2001  Boston,  Brigham  and  Women’s  Hospital,  Neurosurgery  Rounds 

Continuing  Medical  Education  Courses: 

1992  Dept,  of  Neurology,  HMS,  MGH  course,  Boston,MA  "Intensive  Clinical  and  Basic 

Neuroscience  Update"  (faculty) 
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TEACHING:  Local  Contributions:  (continued) 
Continuing  Medical  Education  Courses:  (continued) 


1996 

State  University  of  New  York,  Syracuse,  NY,  8th  Annual  Neuroscience  Symposium 
(Neurofest  ‘96),  “Specificity  of  axonal  growth  from  porcine  embryonic  neural  xenografts 
in  host  brain”  (lecture) 

1998 

Co-director,  “Anatomy  and  Physiology  of  Basal  Ganglia  Surgery”  CME  Course  and 
Scientific  Conference,  Sarasota,  FL 

1998 

Organizer,  Second  “Cellular  and  Molecular  Treatments  of  Neurological  Diseases” 
Scientific  Conference,  Cambridge,  MA 

1999 

Co-director,  “Anatomy  and  Physiology  of  Basal  Ganglia  Surgery”  CME  Course  and 
Scientific  Conference,  Sarasota,  FL 

2001 

Organizer,  Third  “Cellular  and  Molecular  Treatments  of  Neurological  Diseases”  Scientific 
Conference,  Cambridge,  MA 

Advisory  and  Supervisory  Responsibilities  in  Clinical  or  Laboratory  Setting: 

A.  Faculty  Mentor.  Thesis  Advisor  or  Supervisor  in  Neuroregeneration  Laboratories: 


AL  Current  Predoctoral  Students:  (Degree) 

2001 -Present 

Peter  Sokol-Hessner 

BS  2004  Dartmouth  University 

2001 -Present 

Robert  Pokes  Zahra 

BS  2003  Harvard  University 

2001 -Present 

John  Morgan 

BS  2003  Harvard  University 

2001 -Present 

Michael  Brusco 

BS  2002  Harvard  University 

2000-Present 

Roger  Belizaire 

BS  2000  Princeton  University 

2000-Present 

Therese  Andersson 

MSc  2000  Kalmar  University 

A2.  Past  Predoctoral  Students:  (Degree,  current  position) 

1999-2000 

Anna  Moore 

BSc  2001  Cardiff  University 

1997-1999 

Anna  Mattsson 

MSc  1998  Kalmar  University, 

PhD  Student,  Karolinska  Institute 

1997-1999 

Biljana  Georgievska 

MSc  1998  Kalmar  University, 

PhD  Student,  Lund  University 

1997-1998 

Karin  Holm 

MD  1999  Lund  University, 

Resident,  Lund  University 

1997-1998 

Zita  Boonman 

MD  1999  Utrecht  University, 

Resident,  Utrecht  University 

1996-1997 

Lina  Fine 

BS  1997  Harvard  University, 

PhD  Studies 

1996-1997 

Brandi  Whatley 

BS  1997  Boston  University, 

PhD  Student,  U.  Maryland 

1993-1996 

Wendy  Galpern 

BS  1989  Tufts  University,  PhD  1996, 

NRL/McLean  Hospital  &  U  Mass,  MD  1998  U  Mass 
Resident  Neurology  MGH 

Instructor,  Harvard  Medical  School 

1995-1996 

Arif  Husain 

BS  1996  MIT, 

Medical  School 

1995-1996 

Paul  Borghesani 

BS  1994  MIT, 

MD-PhD  1999,  Harvard  Medical  School 

1995 

Marcus  Ware 

BS  1993  Tougaloo  College, 

MD-PhD  at  Harvard/MIT  HST  Program 

1995 

Amy  Spiegel 

BS  1995  West  Chester  University, 

Medical  School 
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TEACHING:  Local  Contributions:  (continued) 

A2.  Past  Predoctoral  Students:  (Degree,  current  position)  (continued) 


1995-1996 

D.  Andrina  Ngo 

BS  1996  Harvard  University, 

PhD  Student,  Johns  Hopkins  University 

1994 

Lisa  Genova 

Program  in  Neuroscience,  PhD  1998  Harvard  Medical  School, 
Consultant,  Health  Advances,  Wellsley 

1993-1995 

David  St.  Peter 

BS  1995  Harvard  University, 

Director,  Biotech,  development,  New  York,  NY 

1993-1995 

Antony  Garcia 

BS  1995  Harvard  University, 

Director,  Computer-software  development,  Cambridge,  MA 

1993-1994 

Marc  Dinkin 

BS  1994  Harvard  University, 

Medical  School 

1992-1993 

Tara  Uhler 

MA  1992  Harvard  University, 

MD,  Harvard  Medical  School 

1991-1992 

Joseph  Simpson 

BS  1992  Harvard  University, 

MD,  PhD  at  Washington  University,  St.  Louis 

1991-1992 

Wendy  Yee 

BS  1992  MIT, 

1999,  PhD  at  Johns  Hopkins  University 

1989-1991 

Lisi  Fishman 

BS  1991  Harvard  University, 

Psychologist,  Cambridge,  MA 

A3.  Current  Staff  and 

1  Postdoctoral  Fellows: 

2001- 

Rosario  Sanchez-Pemaute 

MD  1988  U.  Complutense  Madrid,  1997  PhD  U.  Autonoma 
Madrid 

2000- 

Kai  Sonntag 

MD  1993,  PhD  1994  U.  Heidelberg,  Instructor  HMS 

2000- 

Aygul  Balcioglu 

PhD  1994  Mass  College  of  Pharmacy,  Instructor  HMS 

2000- 

Kevin  McNaught 

PhD  1995  Kings  College,  London 

2000- 

Hyemyung  Seo 

PhD  1999  U.  Tennessee,  College  of  Medicine 

2000- 

Lars  Bjorklund 

MD  1999,  PhD  1998  Karolinska  Institute,  Sweden 

1999- 

Sangmi  Chung 

PhD  1998  Cornell  University,  New  York 

1999- 

Francesca  Cicchetti 

PhD  1998  Robert  Laval  Univ.,  Quebec 

1998- 

Anna-Liisa  Brownell 

PhD  1974  University  of  Helsinki 

Asst.  Imaging  Biologist,  McLean  Hosp. 

Assoc.  Prof.,  Harvard  Medical  School 

1998- 

Craig  van  Horne 

MD  1992  U.  Colorado  School  of  Medicine 

PhD  1992  U.  Colorado  School  of  Medicine 

Assistant  Neurobiologist,  McLean  Hospital 

Asst.  Prof.,  Harvard  Medical  School 

1996- 

Wendy  Galpern 

Ph.D.  1996  U  Mass/McLean/NRL 

Instructor,  1997  Harvard  Medical  School 

A4.  Past  Postdoctoral 

[  Fellows:  TDesree,  current  position) 

1996-2000 

Lauren  Costantini 

PhD  1996  U.  of  New  York,  Albany 

Assoc.  Director  of  Technol.  Dev,,  Titan,  Inc. 

1996-1999 

Ling  Lin 

MD  1985  Henan  Medical  U. 

Graduate  School,  Hong  Kong 

1992-1999 

Terry  Deacon 

PhD  1984  Harvard  U.,  Associate  Professor 

Boston  University  (formerly  Assoc.  Prof,  at 

Harvard  U.) 

1998-1999 

Pushpa  Tandon 

PhD  1985  U,  Lucknow,  India 

Research  Scientist,  Igen,  Inc. 

1995-1996 

Nadia  S.  K.  Haque 

PhD  1995  Cambridge  U., 

Research  Scientist,  Geron,  Inc. 
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TEACHING:  Local  Contributions:  (continued) 


A4.  Past  Postdoctoral  Fellows:  fDeeree.  current  position)(continued) 

1992-1996 

Lindsay  Burns 

PhD  1991  Cambridge  U., 

Research  Scientist,  Neurex,  Inc. 

1993-1995 

Stephen  Tatter 

MD/PhD  1990, 1989  Rockefeller  U. 

/Cornell  Med.  School,  Asst.  Prof. 

Neurosurgery,  North  Carolina  Baptist  Hospital 

1992-1994 

Peyman  Pakzaban 

MD  1984  MGH, 

Neurosurgery,  U.  Texas  Med.  Center 

1991-1993 

David  Frim 

PhD/MD  1988  Harvard  Medical  School  , 

Neurosurgery,  Assoc.  Prof.,  U.  Chicago  Medical  Center 

1991-1992 

Ullrich  Wullner 

MD-PhD  1989  U.  Gottingen, 

Asst.  Prof.,  Lab  Director,  Neurology, 

University  of  Tubingen 

1991-1992 

Philippe  Hantraye 

PhD  1987  U.  of  Paris  Assoc.  Prof., 

Director,  Research  Unit,  Centre  National  de 

Recherche  Scientifique  (France) 

1990-1992 

William  Rosenberg 

MD  1987  Harvard  Medical  School, 

Asst.  Prof.,  Neurosurgery,  U.  Cincinnati 

1989-1990 

James  Schumacher 

MD  1986  U.  Washington, 

Neurosurgery,  Sarasota  Memorial  Hospital 

Instructor,  Harvard  Medical  School  2000 

B.  Recent  Theses/Dissertations  Directed: 

Bl.  Graduate 

Therese  Andersson,  MSc  Thesis,  2001 
Anna  Mattsson,  MSc  Thesis,  1998 
Biljana  Gjorgijevska,  MSc  Thesis,  1998 
Karin  Holm,  MSc,  MB  Thesis,  1998 

Wendy  R.  Galpern,  PhD  “Neuroprotection  and  Neurotransplantation  Strategies  in  Models  of  Parkinson’ s 
Disease”,  Awarded  1996 

B2.  Undergraduate  (Primary  research  supervisor  and  mentor  roles) 

Anna  Moore,  BSc  (Hons)  Neuroscience  Thesis,  2000  Cardiff  University 
Brandi  Whatley,  BS,  Senior  Honors  Thesis,  1997  Boston  University 
Amy  Spiegel,  BS,  Senior  Honors  Thesis,  1995  West  Chester  University 
David  St.  Peter,  BS,  Senior  Honors  Thesis,  Biology,  1995  Harvard  University 
Antony  Garcia,  BS,  Senior  Honors  Thesis,  Biology,  1995  Harvard  University 
Marc  Dinkin,  BS,  Senior  Honors  Thesis,  Biology,  1994  Harvard  University 
Joseph  Simpson,  BS,  Senior  Honors  Thesis,  Biology,  1992  Harvard  University 
Wendy  Yee,  BS,  Senior  Honors  Thesis,  Biology,  1992  MIT 
Lisi  Fishman,  BS,  Senior  Honors  Thesis,  Biology,  1991  Harvard  University 


C.  PhD  Dissertation  or  Examining  Committees: 

1993- 1995  Macrene  Alexiades,  Thesis  Advisory  Committee,  HMS 

1994  Wendy  R.  Galpern,  Oral  Qualifying  Examination  Committee,  U  Mass  Medical  School 

1994- 1996  Paul  Borghesani,  Thesis  Advisor,  MD-PhD  Program,  HMS 

1 999  Richard  Christie,  PhD  Thesis  Examination  Committee,  HMS 


Leadership  Roles: 
1992-1993 


1994 


“On  Neuronal  Health”,  Graduate  course,  HMS  (organizer) 

HMS  Neuroscience  Student  Visit  to  McLean  Hospital  (organizer) 
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TEACHING:  Local  Contributions:  (continued) 

Leadership  Roles:  (continued) 

1995  National  Youth  Leadership  Forum,  presentation  to  high  school  students  interested  in 

pursuing  research  and  medical  studies,  Simmons  College,  Boston 

1995  Scientific  Program  Organizer,  “Cellular  and  Molecular  Treatments  of  Neurological 

Diseases”  Conference,  Three  day  international  conference  of  50  invited  participants 
including  students  from  HMS  Program  in  Neuroscience  and  residents  of  Neurology  and 
Neurosurgery  Programs  at  HMS  hospitals. 

1998  Scientific  Program  Organizer,  Second  “Cellular  and  Molecular  Treatments  of  Neurological 

Diseases”  Conference,  American  Academy  of  Arts  and  Sciences,  Cambridge,  MA.  Three 
day  international  conference  of  150  invited  participants  including  students  from  HMS 
Program  in  Neuroscience  and  residents  of  Neurology  and  Neurosurgery  Programs  at  HMS 
hospitals 

2001  Scientific  Program  Organizer,  Third  “Cellular  and  Molecular  Treatments  of  Neurological 

Diseases”  Conference,  American  Academy  of  Arts  and  Sciences,  Cambridge,  MA.  Three 
day  international  conference  of  150  invited  participants  including  students  from  HMS 
Program  in  Neuroscience  and  residents  of  Neurology  and  Neurosurgery  Programs  at  HMS 
hospitals 

TEACHING:  National  or  International  Contributions: 


Medical/Graduate  School  Courses/Seminars/Invited  Teaching  Presentations: 


198L83 

1983-85 

1985-87 


1987-89 

1990 

1990 

1994 

1995 

1996 

1998 

2001 

2001 


Seminars  and  tutorials  in  Cell  Biology,  Histology  and  Neurobiology  at  the  Medical 
Faculty,  University  of  Lund,  Sweden 

Lecturer  in  Neurobiology  and  Histology  at  the  Medical  Faculty,  University  of  Lund. 
Lecturer  and  Assistant  Director  of  Medical  Neurobiology  Course,  Lecturer  in  Histology. 
Supervisor  for  research  students  in  Medicine,  Co-supervisor  for  2  PhD  students, 

University  of  Lund. 

V.  Fellow,  Jesus  College,  Cambridge,  University  of  Cambridge,  England. 

Supervisor  for  Medical  Part  II  students.  University  of  Cambridge,  England. 

Faculty,  Lecturer,  RUNN  Course  (Review  and  Update  in  Neurobiology  for  Neurosurgeons 
and  Neurologists)  Woods  Hole,  MA 

Faculty,  Lecturer,  Cold  Spring  Harbor  Course:  "Molecular  Genetic 
Analysis  of  Diseases  of  the  Nervous  System",  N.Y. 

Woods  Hole,  MA,  RUNN  Course  “Affecting  Neural  Function  by  Transplantation” 
(faculty) 

Chicago,  IL,  for  Rush  University  Research  Week  (Keynote  speaker) 

Miami,  FL,  The  University  of  Miami,  The  Miami  Project  to  Cure  Paralysis  “Specificity  of 
connections  formed  by  transplanted  fetal  neurons  to  the  mature  CNS”  (Visiting  Professor) 
Karolinska  Institute,  Stockholm,  Introductory  lecture  for  PhD  thesis  examination  for  Lars 
Bjorklund  on  Intraocular  Cellular  Transplants 
France,  INSERM  Workshop  “Neural  stem  cells”  (faculty) 

Amsterdam,  22"^^  Inti.  Summer  School,  “Plasticity  in  the  Adult  Brain”  (faculty) 


Invited  Presentations: 


1983  Hamburg,  European  Neuroscience  Association  "Monitoring  of  neuronal  survival  in 
suspensions  of  embryonic  CNS  tissue"  (paper) 

1984  University  of  Cambridge,  Downing  Site  "Functional  neuronal  replacement  in  the  ibotenic 
acid  lesioned  neostriatum  by  neostriatal  neural  grafts"  (lecture) 

1984  Lund,  Nordic  Meeting  in  Neuropsychiatry  "Functional  neuronal  replacement  in  an  animal 

model  of  Huntington's  disease"  (paper) 
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TEACHING:  National  or  International  Contributions:  (continued) 

Invited  Presentations:  (continued) 

1984  Oxford,  Dept,  of  Pharmacology,  University  of  Oxford  "Striatal  neural  transplant  in  the 
excitotoxically  lesioned  neostriatum"  (lecture) 

1985  Uppsala,  Nordic  Physiology  Meeting  "Neuronal  replacement  in  an  animal  model  of 
Huntington’s  disease  (paper) 

1985  Munchen,  Glial-neuronal  communication  symposia  "The  use  of  neural  transplants  in  the 

study  of  lesion  models  of  the  adult  CNS"  (lecture) 

1985  Oxford,  European  Neuroscience  Association  "Morphological  and  behavioural  changes 
following  neural  grafting  in  rats  with 

lesions  of  the  anteromedial  neostriatum"  (paper) 

1986  Avoriaz,  Symposium  at  European  Winter  Congress  on  Brain  Research  "Neural 
replacement  by  intracerebral  grafts  in  animal  models  of  Parkinson's  and  Huntington's 
disease"  (chairman  and  lecture) 

1986  New  York,  New  York  Academy  of  Sciences  "Morphology  and  function  of  striatal  neural 

grafts"  (lecture) 

1986  Dusseldorf,  Dept,  of  Neurology  "The  use  of  neural  grafting  in  studies  of  CNS  development 

and  regeneration"  (lecture) 

1986  Spetses-ETP,  Research  program  at  European  Training  Program  "Autumn  School"  "The 
use  of  neural  grafting  in  experimental  studies  of  CNS  regeneration  and  development" 
(lecturer) 

1987  London,  Royal  Free  Hospital,  Dept,  of  Psychiatry  "Aspects  of  degeneration  and 
regeneration  in  the  adult  CNS  using  intracerebral  transplants"  (lecture) 

1987  London,  Maudsley  Hospital,  Inst,  of  Psychiatry  "Neural  grafting  in  animal  models  of 

neurodegenerative  disease"  (lecture) 

1987  Venice,  2nd  Symposium  on  Restorative  Neurology  "The  use  of  fetal  neurons  to  replace 

neurons  in  the  CNS"  (lecture) 

1987  Rochester,  New  York,  at  Neural  transplantation  into  the  mammalian  CNS  meeting,  “Fetal 

cortical  grafts  into  the  excitotoxically  lesioned  neocortex:  a  model  for  trophic  interactions 
in  Alzheimer's  disease  ?"  (paper) 

1987  Pecs,  Hungary,  Satelite  Symposium  on  Neural  Regeneration  and  Transplantation  "Striatal 

cell  suspension  grafts  in  an  animal  model  of  Huntington's  disease"  (paper) 

1987  Paris,  Dept  of  Neurology,  Frederic  Joliot  Hospital,  Orsay  "  A  primate  model  of 
Huntington's  disease"  (lecture) 

1988  Paris,  Dept,  of  Neurology,  Frederic  Joliot  Hospital,  Orsay  "Excitotoxic  lesions  models  of 
CNS  degeneration"  (lecture) 

1988  Paris,  Dept,  of  Neurology,  Frederic  Joliot  Hospital,  Orsay  "The  use  of  neural 

transplantation  in  patients  with  neurodegenerative  disease:  basic  research  and  recent 
clinical  experiments"  (lecture) 

1988  Lyon,  Conference:  Trends  in  Neurobiology  "Neuron-target  interaction  in  the  CNS: 
neuronal  degeneration  and  regeneration  theories"  (paper) 

1989  Cambridge,  England,  Neural  transplantation  meeting:  molecular  bases  to  clinical 
application  "Neural  transplantation  in  a  primate  model  of  Huntington's  disease"  (paper) 

1990  Lund,  Sweden  “From  pharmacological  to  neuronal  replacement  in  Huntington's  disease” 
(paper) 

1991  St.  Louis,  Missouri,  CNS  Transplants  in  Adult  Damaged  Sensory 
Thalamus  and  Neocortex  (lecture) 

1991  Washington,  D.C.,  Georgetown  University,  Neural  Transplantation  in  Animal  Models  of 

Huntington's  Disease  (lecture) 

1 99 1  Paris,  La  Salpetriere  Hospital,  "Animal  Models  of  Neuronal  Protection,  Degeneration  and 

Regeneration:  Concepts  of  Neuronal  Health"  (lecture) 
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TEACHING:  National  or  International  Contributions:  (continued) 

Invited  Presentations:  (continued) 

1991  Stockholm,  Karolinska  Institute,  "CNS  degeneration  and  regeneration  models:  new 
concepts  of  neuronal  damage  and  protection"  (lecture) 

1992  Nagoya,  Japan,  “International  Conference  on  Biochemistry  of  Disease”  (lecture) 

1992  Washington,  D.C.  “IV  International  Symposium  on  Neural  Transplantation”  (lecture) 

1992  Brussels,  “25th  International  Congress  of  Psychology”  (lecture) 

1993  Frankfurt,  Symposium  on  anti-excitotoxic  therapy:  “Neuronal  protection,  gene-transfer 
and  circuitry  repair  in  the  basal  ganglia”  (lecture) 

1 994  Hancock,  MA,  Third  Berkshire  Neuroscience  Symposium  (lecture) 

1994  Chatenay-Malabry  (Paris),  5th  International  Symposium  on  Neural  Transplantation 
(lecture) 

1995  Winter  Conference  on  Brain  Research,  “Primate  models  of  caudate-putamen  motor 
functions”  (lecture) 

1995  Paris,  ANPP  Meeting  “Novel  Therapeutics  in  the  Nervous  System:  Gene  Transfers  and 

Trophic  Factors”  (lecture) 

1995  Philadelphia,  PA,  Inti.  Conf.  on  Gene  Therapy  for  CNS  Disorders,  “Gene  Therapy  for 

Huntington's  Disease”  (lecture) 

1995  National  Press  Club,  Washington  D.C.  “New  therapies  for  Parkinson's  disease”  (lecture) 

1995  U.S.  Senate  Special  Committee  on  Aging,  Washington  D.C.  Advisory  presentation  on 

Parkinson’s  disease 

1995  House  Subcommittee  on  Health  and  Environment,  Washington,  D.C.,  Advisory 

presentation  on  Parkinsons  disease 

1995  Maastricht,  Holland,  Annual  Meeting  of  NECTAR  (lecture) 

1996  Washington,  DC,  National  Foundation  for  Brain  Research,  Gene 
Therapy  for  Parkinson’s  Disease  Consortium 

1 996  San  Francisco,  CA,  Annual  Meeting  of  American  Diabetes  Association  “Neural 

xenotransplants  in  degenerative  disease”  (lecture) 

1996  Miami,  FL,  The  University  of  Miami,  The  Miami  Project  to  Cure  Paralysis  “Specificity  of 

connections  formed  by  transplanted  fetal  neurons  to  the  mature  CNS”  (Visiting  Professor) 

1996  New  York,  NY,  New  York  Academy  of  Sciences  “Cellular  protection  and  repair  of  the 

brain  using  cell  transplantation”  (lecture) 

1996  New  Haven,  CT,  Yale  University,  Ninth  Gene  Therapy  User  Group  Meeting,  “Gene 
delivery  strategies  for  the  treatment  of  neurodegenerative  diseases”  (lecture) 

1997  Denver,  CO,  Univ.  of  Colorado  “Hosting  foreign  cells  in  the  brain:  will  xenogeneic 
neurons  serve  as  treatments  for  Parkinson’s  and  Huntington’s  disease?”  (lecture) 

1997  U.S.  Veterans  Administration,  Washington,  D.C.  (1997)  Chairman,  Advisory  Committee 
on  Parkinson’s  disease  research 

1998  Austrian  Parkinson  Society,  Vienna,  “Reconnections  of  neural  circuitry  in  Parkinson’s 
disease  patients  by  xenogeneic  dopaminergic  neurons.”  (lecture) 

1998  Karolinska  Institute,  Stockholm,  Introductory  lecture  for  thesis  examination  on  Intraocular 

Cellular  Transplants 

1998  New  York,  NY,  5th  Inti.  Congress  of  Parkinson’s  Disease  and  Movement  Disorders. 

“Gene  Therapy  for  Parkinsons’  Disease”,  (plenary  lecture) 

1998  Tokyo,  Japan, The  Molecular  Medicine  Revolution  Conference,  “Neural  cell  transplants  to 

physiologically  repair  circuitry  in  neurodegenerative  diesease”  (plenary  lecture) 

1998  Cardiff,  Wales,  The  Physiological  Society,  “Cell  transplantation  as  a  therapy  for 
Parkinson’s  disease”  (lecture) 

1999  Cornell  Medical  School/New  York  Hospital  “Developing  nerve  cells  against 
neurodegeneration”  (grand  rounds  &  lecture) 

1999  Montreux,  Switzerland,  The  International  Cell  Transplant  Society,  “Primary  neuronal  cell 

transplantation  for  Parkinson’s  disease  (lecture) 
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TEACHING:  National  or  International  Contributions:  (continued) 

Invited  Presentations:  (continued) 

1999  Keystone  Symposia,  “Neural  xenotransplantation  for  neurodegenerative  disease”  (lecture) 

1999  Dalhousie  University,  Halifax,  Clinical  Neuroscience  (rounds)  and  Dept,  of  Anatomy  and 

Neurobiology  (lecture) 

1999  University  of  Pittsburgh  Medical  Center,  Dept,  of  Pathology  (lecture) 

1999  University  of  Rochester,  Experimental  Therapeutics  Workshop  (lecture)  and  Neurology 

Grand  Rounds 

1999  Vancouver,  BC,  Xlllth  Inti.  Congress  on  Parkinson’s  Disease  (lecture) 

1999  Odense,  Denmark,  7th  Inti.  Neural  Transplantation  Meeting  (lecture) 

1999  Boston,  European  Behavioral  Pharmacology  Society  and  Behavioral  Pharmacology 

Society  Conference  (lecture) 

1999  Austrian  Parkinson  Society,  Vienna  (lecture) 

1999  Bonn,  Inti.  Neuroscience  Symposium  “Molecular  Basis  of  CNS  Disorders”  (lecture) 

1 999  London,  The  Novartis  Foundation  “Neural  Transplantation  in  Neurodegenerative  Disease” 

1999  Miami,  6th  National  Parkinson’s  Foundation  Inti.  Symposium  on  Parkinson’s  Research 
(lecture) 

2000  Louisville,  “The  Neuroscience  of  Developing  Cell  Therapies  for  Parkinson’s  Disease” 
(lecture) 

2000  Zurich,  Inti.  Study  Group  on  the  Pharmacology  of  Memory,  (lecture) 

2000  Tokyo,  Inti.  Workshop:  Stem  Cell  Biology  &  Cellular  Molecular  Treatment  (lecture) 

2000  II  Ciocco,  Italy,  Gordon  Research  Conference  (lecture) 

2000  Rome,  Inti.  Cong,  of  the  Transplantation  Society  (lecture) 

2000  Turin,  Italy,  Cellular  &  Molecular  Mechanisms  of  Brain  Repair  (lecture) 

2000  Stockholm,  Karolinska  Institute,  Neural  Donor  Cells  for  Transplantation  (lecture) 

2001  Colorado,  Winter  Conf.  on  Brain  Repair,  Cell  and  Gene  Therapy  for  Basal  Ganglia 
Disorders  (panel  organizer) 

2001  San  Francisco,  AAAS,  Stem  Cell  Biology  and  Parkinson’s  Disease  (session  lecture) 

2001  Paris,  Association  pour  la  Neuro-Psycho-Pharmacologie,  Huntington  a  Model  Disease 

(lecture) 

2001  Valencia,  Spain,  Fundacion  Valenciana  de  Estudios  Avanzados,  The  Impact  of  Stem  Cell 

Research  on  Neural  Transplantation  (lecture) 

2001  Potomac,  MD,  Workshop  on  Department  of  Defense  Sponsored  Parkinson’s  Related 

Research  (Session  Chair) 

2001  Philadelphia,  World  Parkinson’s  Day  Symposium,  Thomas  Jefferson  University  (lecture) 

2001  Detroit,  MI,  Wayne  State  University  Center  for  Molecular  Medicine  and  Genetics  (lecture) 

2001  Osaka,  Japanese  Society  for  Neural  Growth,  Regeneration  and  Transplantation  (lecture) 

2001  Halifax,  NS,  Canadian  Congress  of  Neurological  Sciences  (lecture) 

2001  Princeton,  NJ,  Inti.  Neurodegeneration  Conference  (lecture) 

2001  Colorado  Springs,  CO,  Inti.  Neurotoxicology  Meeting  (lecture) 

Advisory  and  Supervisory  Responsibilities  in  Clinical  or  Laboratory  Setting: 


A.  Faculty  Mentor.  Thesis  Advisor  or  Supervisor: 
1 988- 1 989  Boris  Lambs 

1986-1988  Waiter  Fischer 


MD  1990  Cambridge  U. 

MD  at  Cambridge  University, 
England 

MD  1991  Lund  University 
MD,  PhD  at  Lund  University 
Medical  School,  Sweden 
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TEACHING:  National  or  International  Contributions;  (continued) 
Advisory  and  Supervisory  Responsibilities  in  Clinical  or  Laboratory  Setting:  (continued) 

1986-1988  Klas  Wictorin  MD  1991  Lund  University 

MD,  PhD  at  Lund  University 
Medical  School,  Sweden 

1985-1 986  Lars  Anderson  MD  1 989  Lund  University 

MD  at  Lund  University  Medical 
School,  Sweden 


B.  Theses/Dissertations  Directed: 

Walter  Fischer,  PhD  at  Lund  University,  (Asst.  Supervisor)  Awarded  1988 
Klas  Wictorin,  PhD  at  Lund  University,  (Asst.  Supervisor)  Awarded  1988 
Boris  Lambs,  MA  at  Cambridge  U.,  (Co-advisor)  Awarded  1989 

C.  Ph.D.  Dissertation  or  Examining  Committee_s: 

1994  Principal  examiner,  Serge  Marty’s  Doctoral  Thesis,  INSERM,  Paris,  France 

1998  Principal  examiner,  Lars  Bjorklund’s  Doctoral  Thesis,  Karolinska  Institute,  Sweden 

Professional  Leadership  Roles  related  to  Teaching: 

1995-1 996  Chair,  Program  Committee,  American  Society  for  Neural  Transplantation 

1995  Organizer,  ‘'Cellular  and  Molecular  Treatments  of  Neurological  Diseases”  Conference, 
Three  day  international  conference  with 

invited  speakers  and  participants,  Cambridge,  MA,  (Sept.  7-10,  1995) 

1998  Co-director,  “Anatomy  and  Physiology  of  Basal  Ganglia  Surgery”  CME  Course  and 

Scientific  Conference,  Sarasota,  FL  (March  13-15  1998) 

1998  Organizer,  “2nd  Cellular  and  Molecular  Treatments  of  Neurological  Diseases”  CME 
Course  and  Scientific  Conference,  Cambridge,  MA  (Oct.  8-11,  1998) 

1999  Co-director,  “2nd  Anatomy  and  Physiology  of  Basal  Ganglia  Surgery”  CME  Course  and 
Scientific  Conference,  Sarasota,  FL  (May  15-16,  1999) 

1998  Organizer,  “3nd  Cellular  and  Molecular  Treatments  of  Neurological  Diseases”  CME 

Course  and  Scientific  Conference,  Cambridge,  MA  (Sept.  20-22,  2001) 

CLINICAL  ACTIVITIES:  (N/A) 

(Dr.  Isacson  does  not  have  a  clinical  appointment  or  license.) 

1995-1997  Scientific  advisor  at  clinical  trials  for  Parkinson’s  and  Huntington’s  disease  at  HMS  and 

Lahey  Clinic,  Burlington,  MA 


16 


Dr,  Ole  Isacson 
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